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AUTOIGNITION CHARACTERISTICS OF AIRCRAFT-TYPE FUELS 


Louis J. Spadaccini 
John A. TeVelde 


SUMMARY 


An applied research program was undertaken to evaluate the autoignition 
characteristics of five liquid hydrocarbon fuels in air over ranges of air 
temperature^ pressure and equivalence ratio appropriate to advanced aircraft 
gas turbine engines, Ignition delay times were measured using a continuous 
flow test apparatus which permitted independent variation and evaluation of the 
effect of temperature, pressure, flow rate and fuel/air ratio on ignition delay 
time. Since the generation of a uniform mixture is a prerequisite for tlie 
evaluation of the importance of fuel/air ratio, techniques for obtaining rapid 
vaporization and mixing with a minimum flow disturbance were also studied and 
several candidate fuel injectors were fabricated and evaluated. The most 
durable of tliese injectors, a multiple conical tube conf igurat ion ct)iisisting of 
nineteen parallel venturi elements with independent fuel control to each 
element was used for most of the testing, although nearly uniform fuel-air 
mixture distributions were also obtained with a more fragile, distributed 
source strut-type injector. Measurements of the spray distribution produced by 
candidate injectors were made by isok inet ical ly sampling the flow at reduced 
temperatures with water i njection. 

Parametric tests to map the ignition delay characteristics of Jet-A, JP-4, 
No. 2 diesel, cetane and an experimental referee broad specification (ERBS) 
fuel were conducted at pressures of 10, 15, 20, 25 and 30 atm, inlet air 
temperatures up to lOOOK and fuel-air equivalence ratios of 0,3, 0.5, 0,7 and 
l.O, Ignition delay times in the range of I to 50 msec at freestream flow 
velocities ranging from 20 to 100 m/sec. were obtained. In accord with classical 
chemical kinetics, the ignition delay times for all fuels tested appeared to 
correlate with the inverse of pressure and the inverse exponent of temperature; 
viz: 


T 



exp 


(ii-) 

RT 


In general, the data were 
cetane, which had the shortest 


very repeatable. With the exception of pure 
ignition delay times, the differences between the 
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INTKODIK riON 


Studies of l ow-ein i ss ion ciimbnstor concepts t<*r advanced gas turbine engines 
luive indicated tlniL lean ciiiubust ion ol prevapor izid/prem ixed t ne I s is a most 
pivmiising appri^acli tor redne ing NO^ emissions. However, an intrinsic problem 
to he treated in the design ot pt evapor iz ing/prem ix ing combustors is the 
poLiuilial tor inadvertent auloignition ot the fuel-air mixiun' prior to injection 
intv) the priinarv conhustion zone. In tliis context, tlie li igh combustor inlet 
lemperainres and pio’ssures associated w i t li advanc*'d gas turbine engines can 
easily promote ignition and flame stabilization in preinixing passages, if the 
residt'iice time is sufficiently long. Consequently, mixing and vaporization 
must he completed lapidly. In addition, although the spontaneous ignition 
eharac t er i St ics ot hydrocarbon fuels in air have been a snbjmt of invest igat ion 
for many years, none ef the pi <*v ions investigators has been successful in 
isolating and evaluating eacli of the expiM iment al variables in a controlled 
manner over rangi's vit conditions representative of those encountered in advanced 
gas turbine engines. Thus, the existing body of v-<ut o ign i t ion data does not 
permit a satisfactory quant itat ive evaluation of the presumed effects of all 
t he c on troll ing pa r ame t e r s , 

Therefore, an appl led research program was undertaken to design and develop 
a crit ical expiM- iment capable of determining tl\e autoignition characteristics of 
a ire raft “type ! ue 1 s in air over a variety of conditions, including those repre- 
sent. at ive of advanct'd gas turbine combustors. The program comprised analytical 
and exper iinenl al .'fltiiLs directed toward tl) development of a comprehensive 
knowledge and inulers t and i ng ot previous autoignition research as a basis for 
fonmilatiiin ot a critical experiment, (2) design of the experiment and fabrica- 
t ion of the Lest ei|uipment, (3) experimental verification of the approach and 
apparatus through i\ limited number ot tests with Jet-A fuel over ranges of inlet 
air temperatures and pressures up to lOOOK and 30 atm, respectively, and finally 
(4) cvimpilation ot an extensive data base describing the ignition delay (auto- 
ignition) characteristics of Jet-A, JF-4, No. 2 diesel, cetane, and a research 
test fuel designated by NASA as experimental referee broad-specification (EKBS) 
tnel over ranges of inlet air temperature, pressure, flow rate and fuel/air 
rat io typical of t lie m ix ing/combust ion zones in adVvinced gas turbine engines, 
I’arameti'ic tests to map the ignition delay charac tor ist ic s ot these five fuels 


were conductt'd at prert.sart‘8 ot' 10, 13, 20, 25 and U) atm, inlot air tomperaturo8 
up to 1000 K, tuol-air oquivalonco ratios of 0.3, 0,5, 0.7 and 1.0, and rosi- 
donee t inu^H (roquirod to observe tlio autoiKuition event) Irom approximately 1.0 
to 50 mil I iseconds . The flow velocities aHsociated with those tests ranged 
from 20 to 100 m/8(*c , di’pending on tlie pressure level. 


KKVIEW iW AUTO ION IT ION LITKRATUKK 


The spontaneous ignition characteristics of hydrocarbon fuels in air have 
been a subject of investigation for many years; however, none of the previous 
investigators has been completely successful in isolating and evaluating each of 
the experimental variables in a controlled manner and over ranges representative 
of those encountered in advanced gas turbine engines. Consequently, a thorough 
examination ot past efforts in this area was undertaken in order to properly 
define a critical exiieriment that enabled a determination of the effects of all 
known or suspected variables on aut o ign it ion . A survey of t!u‘ current combus- 
tion literature compiled in the Kngineering Index, NTIS, Chemical Abstracts, 
IMiysics Abst taels, and Mechanical Kngineering Abstracts was perfiirmeiii to obtain 
a mon* completi’ hackgiouiul vil previous aidoignit ion research. ritt‘ Lockheed 
lUAliOC Infiumiat ion Kelt level Service was used lo pertorm a rapid and cost- 
effective computet seareh ot over three million cilat ions and abstracts from 
technical n^ports, journal artii'les ami other technical publications. The 
survey product'd a total of 1073 citations, of which approximately 70 were 
judgi'd to be relevant to the present program. This r<?v iew (1) presents a 
phenometiolog ical description of the auto ign it ion process, (2) summarizes the 
previous experimental techniques, indicates their areas of applicability, 
relative advantages and limitations, and (3) provides insight into some of the 
reasons for variations in the existing test data. 


Preignition Processes 

Wentzel CRef, 49) was one of t l\o first invest igators to conclude that the 
ignition delay time comprises a series of overlapping physical and chemical 
processes. The physical delay is the lime required Ic.r droplet tormat ion, 
heating, vape • izat ion , diffusion and mixing with the air. The chemical delay 
is the t inu' elapst‘d trinn the instattl a combustible mixtuit' has beiMi lonued 
until the appearance of a hot flame; it involves the kinetics ot preflame 
react iotis which result in tlte decomposition of h igii molecular weight hydrocarbon 
species and the formation of critical concentrations of intermediate free-radial 
species, so called ignition precursors. It is believed that the chemical 
processes start immediately upon the introduction of fuel and air in a combust ion 
chamber; however, initially they proceed at a very slow rate and consequently 
the mass of fuel vapor which undergoes chemical reaction is very small compared 
to the mass necessary to cause a detectable temperature or pressure rise due 



* References are included in a bibliography of relevant autoignition research 
at the end of this report . 
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to combust ion. TIumo t \) ic , the very early stages of th<* preignition processes 
.11*4' |U‘4^b.ihly dotiii noted by tin* pliy.sical processes .ind the lattM* stages by the 
chemical processes. Tlu' rv'lative effects of the pltysical and chemical prv>ci>sses 
or, the uuip.nitnde of tin' ip.nlf i4>n di'lay have been st udi»'d by many invest igat<us 
(e.g., Wits. 39, 43 aiul 4M), aiul it has been concluded Lbat in ci)nveiU iona I 
combnsL tun systems (e.g., gas turbine and diesel engiiu's) t lie clieinical delay is 
typically the mon* important of the two periods. Amph' I'vidence lias been 
del ivevl tciim t hei>ri't ic a 1 analyses and v’Xper iment al invest igat ions to indicate 
that chemical react ion is tlie rate controlling factor lor auto ign it ion . Ftir 
example, fleiu'in ( Ri' I . 43) has calculated the time required to form a combustible 
mixluio' at tlie droplet surfaci' (i.e,, droplet beating, evaporat ion and mass 
transter) for conditions repr i*sent at ive of the start of injection in an open- 
chamber diesel engine and concluded tlial it is very short comp.ared to tlie 
ignition di’lay. In adilit ion, several invest igators (Rets. 44, 65 and t>6) have 
measured U'nger ignition delay Limes for certain of the relatively high-volatility 
fuels th.ia Um* diest'l fui'l and distillate fuel oil. There is no doubt that the 
rate ol Uu physical processes increase with tlie fuel volatility; therefore, if 
physical [>vocesses coiuriil the ignition delay, one would expect the opposite 
rv'sult. Also, it is .i well known tact that the addition of small amounts of 
tetraethyl lead to gasiiline significantly affects the ignition delay without 
having any known effect on the physical delay. 


Co o I “ F I ame Ph e nome na 
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In many instances the chemical portion of the ignition delay comprises two 
stages -- cool flame ignition and hot flame ignition. The cool flame is a rela- 
tively low temperature phenomenon (T < 700K at one atm pressure) which emits 
a characteristic pale blue chemiluminescence in the spectral range 3000A to 5000A, 
due exclusively to fluorescence of elect ronical ly-exc ited fonnaldehyde , and is 
not accompanied by a high heat release. It is chemically distinct and should not 
be confused with the "blue" flame which may form in the products of the cool 
flame and which results in much higher heat release and flame temperatures in 
excess of 900K. Cool flame reactions occur when organic compounds are heated in 
the presence of oxygon and involve the formation of intermediate species such as 
peroxides and aldehyde.s (Ref, ll). No carbon is formed in the products of the 
cool flame and oniy a small fraction of the reactants is consumed. The tempera- 
ture rise across a cool flame at one atmosphere pressure is always less than 
400K, and may be as little as 300K. In comparison, normal hot flame ignitions 
of hytirvicarbou fuels yield temperature rises in excess of 1500K. Increasing 
the ambient pressure or the temperature of the reactants decreases the time 
required lor transition from a cool flame to a hot flame. A detailed explanation 
of the mechanisms responsible for the production of cool flames and two-stage 
ignition is beyond the scope of this review; however, a discussion of the 
general features including, the kinetics and reaction products is presented in 
Ref, 9. Cool flames are pertinent to the present investigation since under 
certain conditions (temperature, pressure, and reactant species concentration) 
sufficient heat is released to initiate a self-accelerating chain reaction which 
culminates in autoignition. The existence of cool flames just prior to auto- 
ignition has been reported by many investigators using different types of test 
apparatus. Mnllin.s for example (Ref. b4), measured the emission spectra of 



fVamea resulting from the injection of liquid kerosene into a stream of high-* 
temperature combustion products. Three stages of combust ion were identified. 

At the lowest temperatures the spectrum consisted only of emission from excited 
formaldehyde; at intermediate temperature Cl, OH, and strong HCO bands appeared; 
and at the highest temp‘d rat urr*H the normal flame spectrum, CH and OH 
appeared. Similar spectral evidence of preflame reactions has been reported 
in flat-flame burners, reciprocating engine studies and in constant volume bomb 
experiments (e.g, , Refs. 5 and 46). 


Previous Experimental Techniques 

Auto ignition is generally detected by measuring a sudden increase in tempera 
tare, pressure, light omission, or concent rat ion of free radical species. 
Consequently, many of the previous investigators differ in their definition of 
the delay period, mainly because different phenomena were used to indicate the 
end of this period. In addition, they have used many different types of trans- 
ducers for measuring the ignition delay time. However, differences in tlie defin- 
it ion of the point at which combustion begins and the variation between the types 
and stMis it iv it ies of tl\e transducers used can account for a significant portion 
of the discrepancy in the reported data. For example, Heneiii and Bolt (Ref. 

42) concluded Ll'iat in lugh-speed d irec t- in ject ion diesel engines the pressure 
rise delay is generally sliorter and more reproducible than the il luminat ion 
delay. Since there is little doubt that the relative iinportince of the various 
ignition phenomena and tlie individual transducer sensitivities will vary over 
the range of fuels and test conditions of interest (e.g., cool flames are more 
difficult to detect than hot flames), investigators should strive to make 
simultaneous measurements of tlie illumination, pressure rise, and temperature 
rise delay times using different types of rapid response transducers. 

A great variety of equipment and procedures has been used to measure the 
ignition delay of liquid hydrocarbon fuels (see Table 1), including constant 
volume bomba (Ref a. 15 through 32), reciprocating engines (Refs. 39 through 
49), and steady-flow test apparatus (Refs, 56 through 69), However, the 
spontaneous ignition temperature of a combustible substance is not an absolute 
property of the substance and, consequently, all spontaneous ignition data need 
to be interpreted carefully in the light of the test apparatus and methods used 
for their determination, Existing experimental data are generally dependent on 
the particular experimental configuration employed and are, therefore, too 
inconsistent for universal design use. For example, the automotive literature 
contains numerous accounts of investigations of autoignition in intermittent 
combustion systems; however, the effects of continuously varying pressure, 
temperature, velocity and turbulence, and injector spray characteristics 
(droplet size and d istr ibut ion) prevent an unambiguous determination of the 
influence of any one of these variables because autoignition is a path-dependent 
phenomenon. Rapid compression machines lessen, but do not eliminate, the 
effects of transients and permit external premixing of high-vapor-pressure 
fuels. However, they are not readily adaptable for use with low-vapor-pressure 
fuels, and transients and localized phenomena which stem from nonuniform. 
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tluni tlioso tMU'oimt t*rotl in oonvont ional spray-typo combust itin sysliMiis. Shock 
tube studies arc limiti*d by short tost times, local nonun i lorm it ios , and 
usvially are rostricttHl io homo>»i‘noous j»aseous mixtures. In contrast, cont iiuu)us 
combustion devices [)iM iii i I ample time tor measuring and regulat ing many ot the 
pliysical variables (^1 inti'rest prior to spontaneous ignition while providing an 
opportunity to minimize tlu>st' etlecLs more subject to design variation C(*.g., 
injector spray cliai ac t i*r i st ics and degree ot* mixing). Kurt Ijermore , tliey 
[)ermit an accnrati' simulation of autoignition in many cont inuous 1 low combust ion 
devices, including tin* gas turbine. 

Cons t ant Voluiiu' bomb SUtdies 

Much of llie early autoignition research and, in particular, investigations 
concerned with evaluating the minimum spontaneous ignition temperature (ignit- 
ability hazard) ot a fuel, was conducted using constant volume bombs. With 
tins type of apparatus, liquid fuel is usually injected into a cy I indr ical-- or 
sphe r ica 1 -shaped sealed container and the pressure or light emission is cont in- 
uously monitored. Consistent with classical ignition theory (Kef. 4), auto- 
ignition temperatures determined using this technique decrease witli increasing 
container volunu’ and dt'creasing surface area to volume ratio. 

WoLfer (Kof. UO measured the pressure rise delay for diesel fuel in botii 
cylindrical and spherical bombs over a range of pressures (8 to 48 atm) and 
temperatures (590 to 780 K) and for low air turbulence levels. The shortest 
delay time recorded was 45 msec. The data were correlated with an expression 
for the delay period as a function of the air pressure and temperature whose 
general form is similar to tliose determined by more recent investigators (Refs. 
25, 47 and 6b). 


t = 

where K, C, and n are constants. He also concluded that, in his apparatus, 
ignition delay was independent of fuel/air ratio, air turbulence, and fuel 
injection characterist ics. 

Starkman (Ref. 29) studied t l^e effects of pressure, temperature, and fuel/ 
air ratio on the pressure-r i si' delay in a CKR diesel engine and in a bomb. The 

volume of the bomb was equal to the clearance volume of the engine. He found 

that the pressure rise delay is reduced by an increase in any of the above 

factors, and- that it is shorter in the engine than in the bomb. 

Hum, et al., (Refs. 20 and 21) in two separate investigations studied the 
effect of pressure, temperature and fuel composition on the pressure-rise delay 
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and t.he factors govtM ning tt\o magnitude of the physical and chemical delays. 

They teatt?d several dilferont. fuels using a constant volume bomb that was 
procharged with one of several different gas mixtures which varied in oxygen 
concent rat ion . Tests were conducted over ranges of pressures (19 to 40 atm), 
lemperatun* (728 to 840 K) , and oxygen concentrat ion (H to 40 percent). Tliey 
concludi'd tliat lor a constant oxygen partial pressure tltere is an optimum 
oxygen concent rat ion that results in a minimum ignition delay time, and that 
tlie physical delay was primarily dependent on the properties of the ambient gas 
while the chemical delay was influenced by the fuel composition. 

More recently Kadota, et al., (Ref. 23) used a constant volume bomb to deter*- 
mine the ignition ch>lay of a single droplet of hydrocarbon fuel. Tests were 
conducted at pressure of I atm to 41 atm and ambient gas temperatures of 300K 
to 975K. The shortest delay time measured v^as approximately 100 msec. Tlie ir 
dat»i were correlated by an expression similar to Wolfer’s (Ref. 30) but which 
also included the oxygen concentration as a variable. 

X a 

where ♦ is the oxygen concentration and D is a constant. They concluded that 
ignition delay was independent of droplet size and decreased with increased oxy- 
giMi concent rat ion. 


Ha pi d C oni p r e s s i o n Me t h o d s 


The use of rapid-compression machines for studying the auto ignition charac- 
teristics of homogenous fuel-air mixtures was originated by Falk (Ref. 33) in 
1906. Since that time devices of this type have undergone cont inuous development 
and have been used by a number of investigators. The MIT Rapid Compression 
Machine (Ref. 38), developed in 1950, is the most advanced apparatus of this 
type. Ideally, a rapid-compression machine compresses a mixture ad iabat ical ly 
and maintains it at its peak temperature and pressure for the duration of 
the delay period. Compression is accomplished by the rapid motion of a piston 
in a closed-end cylinder. Ignition is determined from the pressure-time record 
or from optical measurements. Compression should be rapid, but without the 
formation of shocks; consequently, the minimum compression time in the MIT 
apparatus is approximately 6 msec. Therefore, short iguitiot\ delay times (on 
the order of 5 msecl cannot be investigated without preliminary chemical 
react ion during the last phase of compr^^ss ion. Also, measurement of the 
compressed gas temperature is a problem for short delay times. 

Leary, Taylor, Livengood, et aU, (Refs. 3b, 37 and 38) used the MIT appar- 
atus to determine the ignition delay time and the rate of pressure rise during 
autoignition of several hydrocarbo*a fuels at various fiu'l-air mixture ratios, com- 
pression ratios, and inlet temperatures. It was reported that a minimum value 
of ignition delay occurred at approximately st o ich iomet r ic mixttire conditions 
and that the delay Lime decreased with an increase in compression ratio and 
initial temperature. High-speed motion pictures of the luminous flame revealed 
that the react ion was not homogeneous , and that a large number of .small bright 
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spots first apcared locally and then spread through the mixture, Schlieren 
photographs proved t lie existence of temperature gradients in the conipr»*ssed gas. 

A two-stage autoignition reaction for iso-octane and n-lieptaiie was also observed. 

R eciprocating hngine Studies 

Many investigators have studied ignition delay in diesel engines ani have 
correlated their results with various operating conditions and fuel properties. 
Uncertainties regarding the measurement of temperature and, in some cases, 
pressure at the end of the delay period hampered these studies; liowever, in 
1939 Schmidt (Ref. 47) provided a correlation for tlie chemical delay in diesels 
which reduced to the Wolfer equation for a constant volume bomb. More recently, 
i.yn and Valdmanis (Kef. 45) and Uenein and Bolt (refs. 42 and 44) have performed 
comprehensive studies of the effects of cylinder pressure and temperature, 
inlet air temperature, overall fuel/air ratio, cooling water temperature and 
engine speed. They concluded that cylinder pressure and temperature are the 
major factors affecting the delay and that an increase in any of the above 
parameters reduced the ignition delay time. However, continuously varying pres- 
sure, temperature, velocity, turbulence and fuel spray cliaracter ist ics precluded 
an unambiguous determination of the effects of individual parameters. Also, as 
is the case for rap id -compress ion macliines, temperature gradients result in 
loca 1 ized ign it ions . 

Garner, et al., (Refs. 40 and 41) measured the illumination delay in a 
single-cylinder research diesel engine and reported that the delay time decreased 
with increasing compression ratio until some critical ratio was reached, after 
which the delay began to increase. Henein and Bolt (Ref. 44) have also reported 
a slight increase in ignition delay with increased temperature at cylinder temper- 
atures above HOOK. Tliey suggest a possible mechanism for this phenomenon based 
on two-stage combust ion. 

Shock-Tube Studies 


Shock tubes have been widely used to investigate the high-temperature 
(T > lOOOK) oxidation of low molecular weight gaseous hydrocarbons; however, 
there is considerable scatter in the data reported. Some investigators have 
measured the ignition delay using systems in which reaction was initiated by an 
incident shock wave, and others have chosen systems in which reaction was init- 
iated by a reflected shock wave. The latter system offers the advantage of main- 
taining the reacting mixture at a constant temperature (apart from wall losses) 
for a known period of time; however, the initial temperature behind a reflected 
shock can usually only be calculated to an accuracy of ±50 K. In addition, 
both the type of diluent (e.g,, air, nitroge , argon, and helium) and concentra- 
tion of diluent used have varied from one investigator to another, as have 
the experimental criteria for definition of the delay time (e.g., the rapid 
increase in characteristic emission of free radial species, a sudden rise 
in pressure or heat flux measurements, etc,). 

The majority of shock-tube investigations have been concerned with methane 
because of the relative simplicity of its oxidation process as compared to those 



of higher molecular weight hydrocarbons. Skinner, et «1 , , (Ref, 53) summarised 
most of the data for methane published prior to 19V2 and compared them on the 
basis of a correlation developed by Lif shits, et al , , (Ref, 51) which is of the, 
form 


T - (Ar)'H [CH,^1"2 l02)"3 


The data cover the temperature range 1100 to 2300K at pressures varying from 
1 to 10 atm for mixture equivalence ratios of 0.5 to 8,0. For these conditions 
the induction times varied from 10 to 700 usee. 


A study of the autoignition of n~heptane and iso-octane behind reflected 
shock waves was conducted by Vermeer, et al., (Ref. 55). Induction time data 
were obtained over ranges of pressure (1 to 4 atm) and temperature (1200 to 
1700K). High-speed schlieren photographs demonstrated the existence of two 
different modes of ignition — strong ignition, characterized by the formation of 
a blast wave, and mild ignition wherein chemica*' reaction was initiated simul- 
taneously at many different points. The pressure-temperature limits defining 
the regions of mild and strong ignition were determined. 


Continuous Flow Methods 


Farly continuous flow (steady-flow) investigations of the. spontaneous 
ignition characteristics of fuels injected into high-temperature, high-velocity 
airstreams were conducted by Mullins (Ref. 63) in vitiated air at pressures equal 
to or below 1 atm. The test apparatus consisted of an axi symmetri c diffuser in 
which the pressure, temperature and mixture flow rate were adjusted to maintain 
a stationary flame front. High inlet temperatures were achieved by means of 
precombustion upstream of the test duct. Fuel was injected into the airstream 
through conventional atomizers and care was taken to localize the spray near tl^e 
center of the duct in order that the influences of the wall and boundary layer 
be eliminated. The point of ignition was determined by direct visual observation 
through a series of windows, and the ignition delay time was considered equiva- 
lent to the residence time of the fuel-air mixture between the point of injection 
and the axial position of the flame. In this system, temperature and oxygen con- 
centration were linked due to vitiation heating, so that as temperature was in- 
creased, oxygen concentration decreased and water concentration increased. How- 
ever, vitiation without oxygen replenishment was shown to have a significant 
effect on ignition delay. Mullins reported that the ignition delay of kerosene 
in vitiated air at atmospheric pressure is inversely proportional to the square 
of the oxygen concentration. (Subsequent investigations (Refs. 20, 21, and 25) 
have confirmed that an inverse relationship exists between ignition delay time 
and oxygen concentration for a variety of hydrocarbon fuels.) In addition, the 
possible effects of combustion product contamination (e.g., increased concentra- 
tion of water vapor and various free-radial species) are still unknown. 


Stringer, et al . , (Ref. 66) measured the ignition delay of several pure and 
distillate hydrocarbon fuels in an oxygen-replenished vitiated airstream over a 
range of pressures (30 to 60 atm) and temperatures (770 to 980 K). In this 
study, simulation of combustion in diesel engines was achieved by using a 
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pulsed diosel'-typu tm>l injector rtituuted nonuiil to tlie ;] i rs t ream , and irdiilion 
was detected by phot oojndiu' t i ve cells. Of the various physical factors investi- 
gated, air temperature and pressure were found tt) exert the major intlmnci> on 
the ignition delay, while velocity, fuel/air ratio, and turbulence intensity iiad 
a negligible ettecL. The ignition delay data were correlated using an A irlui n ins- 
type expression similar to Wolfer’s (Ref. 30) and in addition, an alternative 
expression ot the torm; 

pn 

was derived where A, H, and n are con.stants which were determined for several 
of the more widely used fuels. 

The experiiikiUal tec.liniques pioneered by Mullins were later adopted and im- 
proved upon by Taback (Ret. bd) and more recently by Spvidaccini (Ref. 65). 

Taback conducted an invos t igat 'on of the autoignition characteristics of JR-4 
in vitiated air at ambient pressures of 17 to 28 atm and temperatures of 700K 
to 900K . The auto ignition test section walls were water cooled, and like 
Mullins, tests were conducted using a centrally-located spray-type injector. 
Safety consideidi iv>ns precluded direct visual observat iotis of tlie flame front 
position; there tore, provision was made for indirect determination of the point 
of ignition by installing photoconduct ive cells in the test duct at a multitude 
of axial location.s. In addition, evaluations of (1) the influence of walls and 
the resulting boundary layer, (2) the flashback potential of a transient ignition 
source, and (3) the flameholding potential of wake-producing surface imperfec- 
tions on ignition delay were performed over a limited range of test conditions 
and for a specific premixing duct geometry. 

Spadaccini (Ref. b5) continued the work started by Taback and, using essen- 
tially the same test apparatus, investigated the autoignition characteristics of 
JP-4, No. 2 fuel oil, and No. 6 fuel oil in dry unvitiated air at temperatures 
in the range 670K to 87CK and at pressures in the range 6.8 atm to 16.3 atm. 

The air was heated by means of an electrical resistance-type heater and the 
pressure was regulated by a remotely operated throttle valve. The effects of a 
number of physical factors, including air pressure and temperature, fuel 
temperature and concentration, and initial spray characteristics (e.g., droplet 
size and size distribution), upon the ignition characteristics were evaluated. 
Ignition delay times were shown to vary according to an empirically determined 
relationship which was also similar in form to Wolfer’s. In addition, the 
possible influence of the flame front on the magnitude of the delay period, 

by radiant heating or alternation of the pressure distribution within the 
diffuser, was evaluated and it was concluded that measurements were unaffected 
by its presence. 

A significant deficiency of the preceding continuous flow types of test 
apparatus is the difficulty in using them to evaluate the importance of the local 
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mixtun* ratio ou aut oignit ion , ContinuouH eombmuion devices, «uoh aa 
t)iOHo doHcribod above, preclvidc* Mio nw^Hurfmont of d«lay time for uniform fuel- 
air mixturoa because iha wall boundary layer provides a paLli for tlu* upstrea!n 
propagation of flame from the autoignitinn point to the injector (thus obscurinp, 
the point of ignition). The advantages of this apparatus, on the other hand, are 
(1) that it accurately simulates autoignition phenomena occurring as a result 
of spray injection and (2) that it permits rapid data acquisition, since the 
flame is con t imuuisly present and its axial position, and therefore, delay 
period can be continuously varied by regulation of the flow variables. 

The route to precluding some of the deficiencies of the work of Spadaccini 
amt 'I'aback was incorporated in a steady-l low test apparatus developed by Mestre 
and Due ou mean. It is described in Refs. and 62 and utilizes a premixing-type 

injector to investigate the dependence of ignition delay on the local equivalence 
ratio of kero.sene-air mixtures, Kxper iment a were performed in a 42-mm'**dia 
cylindrical uebe at pressures in the range of *3.4 atm to 12 atm and over the 
temperature range 720K to 1075K. The flow velocity was fixed at approximately 
70 m/sec by means of a sonic nozzle installed at the tube exit, and the tesi- 
dence time was varied by interchanging four tubes of different lengths. The 
test procedure consisted of gradually increasing the inlet air temperature 
until autoignition was visually detected at the nozzle exit at which time the 
test was abruptly terminated The ignition temperatures of mixtures in the 

equivalence ratio range 0.5 to S.O were mt;asurcd for fixed residence tiuiv^t) of 
approximately 3 msec, 6 msec, 7 msec, and I2msec. (The constant velocity 
constraint imposed by the use of a sonic nozzle restricted the variation of 
residence time to a fixed number of values,) Their data indicate that fuel-air 
mixture ratio is an important factor affecting autoignition; minimum ignition 
temperatures were obtained for an equivalence ratio of 3.0 at 5.4 atm and for 
an equivalence ratio of 1.0 at 11 atm. 

More recently, Marek, et al., (Ref. 61) have studied the autoignition and 
flashback characteristics of lean mixtures of Jet-A fuel in air at temperatures 
in the range 550K to 700K and pressures in the range 5,4 atm to 25 atm. The 
autoignition test apparatus consisted of a 10,2-cm-dia cylindrical '’prevapor- 
izing/premixing flame tube", a single element contrastream fuel injector, and a 
perforated-plate flameholder located 66 cm downstream of the fuel injector. 

Upon establishing a predetermined pressure and temper^ lure within the flame 
tube, the fuel flow rate was slowly increased until autoignition occurred and 
was indicated by a thermocouple positioned 1 cm upstream of the flameholder. 

The ignition delay time was defined as the residence time between the injector 
and the flameholder, as it related to the instantaneous pressure and temperature. 
Ignition delays in tiie range 15 msec to 100 msec were measured and it was con- 
cluded that they varied inversely with the ambient pressure. In addition, 
preflame reactions, similar to cool-flame phenomena, were reported and flashback 
velocities of 35 tn/sec to 65 m/sec were measured at 5.6 atm and 610K and 700K. 
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In the latter two toHt arrangoment s, as in all others which strive to 
produce mixfuro hoinogenei ty , tlie measurement of delay times may be affected by 
chemical reactions which can occur in the boundary layer along the walls. 

Neither o£ the previous investigators (Refs. 61 and 62) make mention of the 
occuirence of ignition and combustion in the boundary layer even during tests 
in which the tube wall was externally heated to the inlet air temperature; 
however, it appears that autoignition and its precursors may occur in the 
slower moving (i.e., longer residence time) mixture in the boundary layer in a 
situation in whicli the wall temperature is at or near the inlet air temperature. 
Also, flow disturbances, such as those produced by large-size fuel injectors or 
high-blockage f lameliolders , should be avoided since they may create local 
regions of flow recirculation and, therefore, high residence time, 

Summary of Existing Data 

It is clear from the above summary that there is considerable disagreement 
among the previous investigators regarding the importance of mixture ratio on 
autoignit ion. Some have reported no effect (Refs. 30 and 63), others have 
observed a minor effect (Refs. 38, 45 and 66) and still others have found a 
major effect (Ref, 58 and 62). These apparent inconsistencies underscore the 
previous admonition that existing data need to be interpreted carefully in the 
light of the test apparatus and the methods used for their determination. The 
achievement of a uniform mixture is a prerequisite for an evaluation of the 
importance of fuel/air ratio; therefore, fuel-air mixture sampling tests should 
be conducted to obtain a quantitative indication of the extent of vaporization 
and the degree of uniformity of the fuel-air mixture produced by the injector. 
The mixture quality, or the degree of vaporization achieved prior to the onset 
of autoigniticn, may have a significant influence on the magnitude of the delay 
time and, therefore, ignition delay data may not correlate solely on the basis 
of overall equivalence ratio. 

Finally, the ignition delay data for typical gas turbine and diesel fuels 
which have been reported in several of the investigations discussed above are 
summarized and compared in Fig. 1. The discrepancies between the magnitude of 
the delay times measured by tne various investigators are apparent, particularly 
at high ambient pressures, as is the disagreement regarding the rate of change 
of delay time with increasing pressure, A portion of these differences may be 
attributed to variations in fuel composition, stemming from broad fuel specifi- 
cations and poor documentation of fuel properties. However, differences in 
data reported for a particular fuel are often larger than differences measured 
between various grades of fuel. Therefore, it is likely that the major varia- 
tions originate from differences in the experimental apparatus and the methods 
used to identify the autoignition event. 
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EXPKKIMKNTAL APPROACH 


Description uf Appsratua 

tt can be concluded from the preceding review of autoignition research that 
parametric auto tgn i t ion data pertinent to gas turbine engines can bust be 
Hi'q aired by conducting a continuous flow experiment using dry, unvitiated air, 
and providing independent control of pressure, temperature, and mass flow rate 
(Lhereforo, residtuice time). The test apparatus used in the present program ia 
Hl\own in Pig, 2. It consists of (1) an electrical resi Htunce*"ty pe air heater, 
(2) an inlet plenum and flow straightner, (3) a premixing-type fuel injector, 

{h) a cylindrical mixer/vuporizer section comprising several flanged spool 
pieces to permit length variation over the range 2,5 cm to 150 cm in increments 
01 2.5 cm, (5) an expander section which provides a sudden expansion and water 
mieiu’h at the auto ignition station, (6) a variable area orifice to isolate a 
fuel Hcanvenging atterburm*r from the expt*riment, (7) a scavenger afterburner, 
aiui (8) a rtMnotely operated throttle valvi‘ located in tlie exhaurt ducting. 

Ut'tails the mixei /vapor izer and expander sections are shown in Kig, 3. 
T‘he inner suit ace ol tlu' mi xer/vapor i/.er sections are smooth and tree ot boundar 
di scout iuuit ies capable ef prodvicing wakes in tl\i* ( li>w. 1'his is accomplished by 
internal inaeliining ami the use of alignment dowels for t‘ach section of tlie mixer 
vaporizer. T‘he walls of the mixer/vaporizer sections were water-cooled during 
all tests in order to preclude the possibility of ignition and flashback via the 
boundary layer evot\ though theoretical analyses were not able to conclusively 
demonstrate that cooling was required. Since the facility afterburner, located 
in the exhaust ducting, represented a coni iniious ignition source and because 
autoignition may be initiated at an axial location within the sudden-expansion 
section, additional precautions were taken to eliminate any path by which the 
flame might propagate upstream into the mi xer/va|)orizer section (e.g., through 
the wall boundary layer and/or by means ot recirculation zones). These pre- 
cautionary nu'asuros included (1) direct water injection at the stop region, 
to prevent flame stabilization at the exit of the mixer vaporizer, and (2) 
installation of a two-dimensional flow nozzle just upstream ot the sudden 
expansion, to accelerate the flow locally and provide additional water in- 
ji’ct ion to rapidly quench the chemical reaction. Thermocoupl es and photo- 
detiH'tors were ust‘d to monitor tiie step region and identify eonditi^nis which 
wiuild result in flame stabilization. During preliminary testing with v1et-A 
fuel, it was dott'rmined that unsteady combustion in the afterburner generated 
pfi'ssurt' fluctuations which were transmitted upstream to the mi xer /vapor izer 
section and caused premature (i.e., low temperature) ignition. Therefore, 
all subsec|uent tests w<M*e p(»rformed with the afterburner combustion terminated 
pv ior to autoignit ion. 


Tt'Ml Proi'i'ilmi* 






I'lu* lu I uu I i)|uM.u i n>*. pi i»i't*ilu! f t*oii :t i rt ( «*J ol (*sl ah I i sh i np, a juivui ilu'il ron 
‘lit ion U'.p... picasnii* lUul t low lali*) within I ho toHt ihiot ami piailually 
I III I (.IS i lip, till' inlol ail t ciuptM al ui (' until aut u i p.ni t i on lU'oiii iisl at tin* t'xit ot 
till' mi Him/ vajior i /,(M ion. Iho ocourt i*noo i>t ant o i pn i l i mi was ilol (M mi mul 

iniliti'oilv hy a t Ium moiouplt* proh»' lo(\‘iti'(i in tho ('xpaiui<M soot ion, 

phiM oiiiM ('( l i*i s tlooati'il at si'vtMal pi>sitions in t lu' ti’Sl rip.), (D a il i I i im (*nt i a I 
prossm I* transiliuMM monitorinp. t lu' pii'ssni i' drop aoross ( lu* mi xi'i /vapiu t / im‘ 
soil ion, and (.♦) ahsolnlt* prossnii* iransilmuMS in the mi xim / vapiM i ;m*i (sm* Kip,, 
1). Mpon ipaiition, t lu* It'sl was abruptly C t'lmi nat I'd hy shut t i up. oil I lu* t m* I 
I low, toduoinp, till* rip. pit'ssun* and t (‘mpi*rat uro , and purp.iuj*. tin* luol inii*otor 
with watoi. Suhsoi|iu*nt tosts woio luU pt'rli>nuod until t lu* systom had lu*i*n 
pui p.oil ot ii'sidual luol hv t lu* air! low whiv'h was maiutaiiu'd at all tiuu's, I'liis 
tost ar I aup,(*iiu*nl porniittod i ndopi*ndi*nl variation ot (*aoh ot t tu* impi'itant 
variahli's i i . o . , prossuio, I ompi*i at uri* , volooity, ri’sidonoo tiim*, and tiu'l/aii 
ratio) within a tixod r.inp.o ot tt'st conditions. lUirinp, data r«*dui*tion, tho 
ip.uition dolay l iim* was oi|uati*d to tho rosidonoo t imo ot tlu* tuol-air mixiuto 
hi'twoon tlu* point ot t no I inu'oliiui and tho local ion ol tlu* wati'i i{Ui'iu'h just 
up.*a I t'am ot i ho (*\|>andor si'v't ion. It was oompnt I'd hasod upon tlu* avi'iap.o t low 
VO loo it y as o.i 1 out .u lul 1 1 om tlu* inlot t ompi'iat un , prossun* and airilow rato. 

InU't air t ompi'ivit ui a* and prt'ssuro won* moasurod upstr(*am ot tlu* luol iu“ 
ji'ol ion local ion. A choUi’d vi'uturi Ilow motor was nst'd to nu*asuii* tho inU't 
airtlovii rat(* and tlu* luol t low rati* was moasurod usinp. a calihratod tuihiiu* 
nu'ti’i. Inlol tui'l I ('mporat nil* and |>rossuro wovo monitored at tho injt'clion 
station. A IJ channel hip.h-spood osc i I K>praph continuously displayt*d tlu* 
output oi lv(*v i ns t ruiui'iit at i i>n . Tho occurronco i>l aut o ip.n i t i(M', was idontiti(*d 
hy a sudden and verv rapid iucii'ase in tho pressure, I ('mp(*t atuia* and photiule^ 
t ec t or out put s . 


In j(*ct or hovolopmont 

Since the peiu*rati(Mi ot a unilorm tuel-air mixture in tlu* shortest distance 
(tiiiu*) t>ossihle is crucial tor delermiuiup tho ottoct Im'l/air ratio ou auto- 
ip.uition, ospocially at tlu* more si*voro lost conditions, sovoral candidate tnol 
inj(*rlo! S wi'ia* lahricati'd and ('valnatod oxpor imont al ly . Kaoli iuioclor was do- 
si p.nod to piv)vid(* lapid oapor i .’.,it i on vind mixinp whiU* mi nimi /. i np, tlow di slurb - 
anco.s. A total ot tv'ur dittori'ut it i st r ihul od-sourco iiijootor cout ipurat ions 
woio ovalnat(*d in t lii s prop.ram, (*ach with its i>wn uu'rits and liahilitios. In 
all (*on I i p.ur at i ons , procaut ions won* t akt*n to onsiiii* that tho tm*l di*livory 
prossuta* l(*vel was sutticiontlv hipti rond(*i' tho injt'ction rato insensitive 
1 miiUM' lip pii'ssuia* t I uct uat ituis . 

Althouph in|octi>r I'va luat i(Uis are iiuust usotul wlu*n t lu*y aia* comlucti'd usinp 
ta'pr (*S(*nl at i Vi* tuols, wat i*r was sid'st i t ut (*d as a tiu'l simulant t (*» simi'lity tlu* 
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“liu»r' -air HampliiiK procoduif unml t'or in.icu’tor qiwiliticat ion. This approach 
muiouhi »'cl ly j^avc a coiiacMvat ivc t»8t:imat<' of injector performance but, nevert-ho- 
leHH, prt>viiietl a valuable ciMiipariaon of injeclor desif^n philofiophiea on a 
relative baaiH. Water apray di atribut iona can bo repreaent at ivo of fuel 
d i at r ibut ioutt when testa are conducted at typical operutinj^ conditions and when 
vaporization rates are low. Therefore, all injector characterization teats 
wor«' conducted under test conditions which minimized vaporization and duplicated 
the fn*e“Btream velocity and fuel flow rates of a typical auto ignition test 
condition. Measurements of the water spray distribution produced by candidate 
injectors were made along two mutually perpendicular diameters at a mixing 
length of 18 cm. The two-phase flow was sampled isokinetical ly and a water 
separation and collection system was used to collect samples for a predeter- 
mint'd time period. Prior to measuring the water spray distributions, the 
uniformity of the airflow was evaluated by measuring the velocity distributions 
at the entriince of the mi xer/ vaporizer section and at the sampling station with 
the camiidatt' injector in place. Typically, the results indicated a symmetric 
profile that was sliglitly peaked near the centerline. The maximum deviation of 
the local velocity from the average velocity was + 12 percent. 

CoiU r a s t re am I u j e c UM‘ 

'the first d i st r ihut od‘'SO\u*cc type fuel injector, shown in Fig. 4, was 
designed to acliieve efficient atom’ ,,.at ion as a result of high shear forces which 
are created by (a) the impingement of high velocity fuel jots on stationary 
splaslt plates and (b) the interaction of the high velocity airs tr earn and the 
liquid film issuing from the splash plates, A low convective heat transfer 
rate to the fuel injector tubing was ensured by the shielding provided by the 
upstream splash plate and the backwash of fuel over its outer surface. 

The fuel inlet temperature was continuously monitored using fine wire thermo- 
couples (O.iS-mm-dia) which were inserted into the 1.6-mm-dia hypodermic 
tubing. Results of the injector evaluation tests Indicated tliat significant 
liquid penetration to the wall occurred. Also, it was hypothesized that the 
2-0 . 2 -mm-d \ a or i f i c e s , wh i c li at t imo s hoc ame pa r t i a 1 1 y pi ugged and r oq u i r ed 
frequent cleaning, and the relatively hvpdi velocity liquid jets tV • * 00 
m/sec), which were reflected from the splasl^ plates at varit>us angles might 
have been tov> energi'l ic and contributed to mixture nonun i formi t i es . 

Caa** s s- Stre am I n j eej^o r 

After several impi'oved designs were fabricated atul tested, the injector 
sh-'wn in Kig. prodnei'd a spray distribution that aj^pean'd sufticieiUly uniform 
to pt'rmit. evaluation of the effects of fuel-air mixtuia* latio ou autoignition. 

In this i on I i gur at ion , fuel was injected normal to the ait flow and into segments 
ot approximately equal area trom 04-0 . 38-mm-di a ori f ices in six '1.0-mm-dia 
tubes. Splash plates were installed along both sides of the outermost in joe tor 
eltMiUMits and haftles were placed hetwi'cn adjacent inject ion ori ficos ti> impede 
the flow of liquid to iho wall. Tho number atul size of tho injoction orifices 
was chosen as a best compromise after cons iderat von of liquid jet penetration, 
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iiK» **nil injtn-tor si'nsitivity lo i’ombustor pn-ssmi’ l L l.jL ions . 
Altiionpji tlu' n'fuilts i>! iuiri.il .spray cliarac t i‘ri/.at iun U'Hts iiMicaUHl that thu 
■‘.p.iti.i! A i:>i r ihui ion o! lii|iiid was pat abo I ir-sliapiul with a hip,h roiu’i’iU rat ion 
at i\\K' ri'utov, a iu»vtrly miilorm Uistvilmtiou of liquid wa« obt.iimHl by roduc in>* 
(In' tlow I at i' to flu' two routral injoctor oIoiuoiUh. Tho spray d i ,st r i but u)u 18 
till tU'wur. c ri'aiu of t ho injoot ion station whioli was obtainod ^Mli 1 sonnonL (o tlu'St' 
nuin ovomonts is sliown in Kip,, b. In tho fip,uro, tho local fuel /air ratio is 
noiniali/.od with lo.spoct to thi' tworall fiiol/air ratio as dolormiiu'd lrt>in tho 
toi.tl water anil airllow moasuri'mcnt s . Tho results indicali' a concent rat ion 
poaU in t iu' ci*nlral portion of tho mi xor/vapor i /or with n'llncod conci'nt rat ion 
levels tu'ar tlu* wall, probably diu' to dit fusion and accuimil at ion of I i<tuiil on 
t lu' wall. Howi'Vi'r, as indioatoil in Ki>\. b, this injoctor coni ipnral ion had 
implomontotl t lu' successful rotout ion of a biph porcouiapo i>l tlu' "fuel" in tlu' 
.iirsiii'am at the 18 cm station, aiul tho maximum deviation 1 1 t>m tho uu'an concon** 
t i\U ion inourrod at tho centerline was only percent , 

The spray d i s t r ibnt ioir t rom this in jootor was judj’i'd su t I i o i oirt I y unifiM tu 
to permit evaluatiotr of the t'ffect of iuel-air mixture ratio on aut oip,ni t ion, 
and iherefove parametric ti-stiitj; of the Jot-A fuel was initiated. However, 
durinp .into ipatit ion testing a flashback was encountered which resnltid in 
stvucluval VaiUive v'kf the injector elements. Therefore, a new injoetv)v having 
higlier strength and priwidiug the option for water cooling was designed and 
t abr i eat ed , 

i f led Cross-Stream Injector 

In view of tlu* limitations of tho previous injector design a modified dis- 
tr ibnted-source cross-stream injector featuring increased strength, water 
coi>ling atid stream) i ned- shaped strut elements was fabricated and tested. This 
injeetor, shown in Kig. 7, consisted of six 0 . 32-cm-wide by 3.8-om-long stream- 
line-shaped struts containing a total of b3-0 . 38-mm-dia injection orificies. 

As in tho previous design, fuel was injected normal to the airflow from both 
sides of each strut into airflow cross sections of approximately oqi\al area. 

The injection orifici's extended into the airstream as shown in Fig, 7, to 
impede the format ion ot ,i fuel tilm on the strut surface. Correlations of 
circular jof penetration vlat a were used to estimate the fuel jet penetration 
distai\ees as a functioii ot jet momentum and diameter so that, in the final 
design, fuel jot impingement on opposing hot sm* faces could be avoided. 

Flow ilisturbance, and Iherefoie pressure loss, was miuimi/t'd by the streamlined- 
shaped design, and because of the increased mass, the individual struts were 
expected to bo much more resistant to damage from flashback. In addition, 
each of tho injoctor elements was water cooled to maintain the fuel at a 
prescribod inlet lOmperature and to protect tho injoctor from ovortomporaturo. 
Tho rolativoly high hlockago (approximatoly 55 porcont) was also oxpoctod to 
roduco any inlot airflow nonuniformi t ios . Fuol injection tomporaturo was 
monitored using a fine wire U) . 25-mm-dial thormocouplo insortod midway into tho 
fuol passage of one of tho central I'lemonts. 








Charat t in- i /at ion ol tlu' wator npray distribution pnuiiicinl l>y tho stroamlino- 
rtbapod iujortor iiulioalod a mnirly pai abol ir-shapod prolilo with tho poak con- 
rout rat ion at tbo rout or lino. Tho ovoral I "luo!"-“air distribution obsorvod 
l8“om downatroam of tho injortor station, soo Kig. 8, was intori or to that 
aoliiovod using tho proroding tubo-Lypo injootor, ovon tliough tho fuol fraction 
rotainod in tlio airstroam appeared to bo high. With tins injoctor configuration, 
tlio maximum local fuol /air deviation from tho overall composition was approxi- 
mately +20 percent . In an attempt to understand the cause of the largo 
deviations, static pressure measurements were made along each of the injector 
elements. It was found that a static pressure gradient of approximately 33 
percent of tl\e overall injector pressure drop existed between the outermost and 
innermost injector elements. Attempts to improve the airtlow distribution by 
increasing the injector pressure loss were unsuccessf ul . 

To gain further insight into the details of the injection and mixing 
processes, carbon dioxide was introduced into tho airflow through the fuel 
injector. The volumetric flow rate of gas was set equal to the volumetric flow 
rate of liquid tested previously, and the flow was sampled and analyzed for 
C0.> concentration. The results, presented in Fig. 9, indicated a more 
uniform CO^-air distribution hut there was still a liigber than average 
injectant concent rat ion near the centerline. However, a comparison of Figs. 8 
and 9 shows tliat the droplets were unable to follow the streamline flow, and 
therefore, it was felt that some improvement in the luei spray distribution may 
be realized in actual ignition delay testing, as a result of accelerated 
vaporization aitd reduced concent rat ion gradients at t Ite wall ihie to elevated 
tomperatun*. Although the degree of uniformity achieved was less than desired, 
some preliminary autoignition testing was performed using the streamline-shaped 
injector and the data are included in Appendix A and discussed in the following 
section under the resvilts for Jet-A Fuel. 

Costream Injector 

To permit a clear determination of the effect of fuel-air equivalence ratio 
on auto ign i t ion , a new type injector similar to one developed in Refs. b9 and 
70, and d o mo n s t r a t ed to he c a p ah I e f pr od u c i ng a mo re uni f o nn mixture il i s t r i b u- 
t ion was designed and fabricated. The multiple conical tube- type injector, 
preseiUed in Fig. 10, consisted of a 19 hole concentric array of venturi -shaped 
air passages with independent ly-control led fuel injection into the converging 
section of each element. Fuel was supplied to each ol the venturis by means ot 
small diameter tidying that was sufficiently long to provide' ample pressure loss 
to minimize the effect of rig pressure fluctuations o\\ fuel flow rate. Downstream 
rt»circulation zones were eliminated by extending the diverging sections of the 
venturis to the points of intersection, thereby eliminating a base region. 

Also, the relatively high blockage area (approximately 70 percent) acted to 
reduce inlet airflow nommi f ormi t iea . The injector was flow checked and 
calibrated prior to testing, and it was determined tliat the flow coefficients 
ot tlie 19 individual injector elements were all within 2.8 percent of the mean 
value. Airflow measurements of the static prosure at the throat of each of the 
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i9 viMitur (‘-siiaptHi partsap,i".s indit'aLi»d a maximum di t lurencf' bet woun elemonts of 
0!ily 8.0 porcont of Lho ov(*rall fuel injoctLon proaHuro drop, TIu?hi» variations 
woro ronsidored suf fir Lent ly small as to permit the attainment of a nearly 
unilorm fuel injection rate from element to element. 

The spray from the multiple-conical tube injector was evaluated at several 
simulated test conditions and by selectively restricting the flow of water to 
individual injector elements. The results of the testing are shown in Figs. 11 
through 13. As shown in Fig, 11, the spray distribution obtained with all in- 
jector elements open was concentrated in the center. Also, even though the 
**fuel'Vatr profile distortion decreased at higher flow rates, approximately 30 
to 40 percent of the liquid had apparently collected on the wall, as is indicated 
by a normalized fuel/air ratio of less than l.O. By shutting off the water 
flow to the center element, see Fig. L2a, a slight reduction in the centerline 
concentration was observed, and :s might be anticipated, no noticeable change 
in the "fuerVair profile at radial positions beyond R/R^ = +0.3 was achieved. 
Capping the injector elements to the twelve outer venturis increased tlie 
concentrat ion at tlie centerline and appeared to suppress liquid transfer to 
the walls, i.e., most of the liquid could be accounted for in the airstream 
(see Fig. 12b). When both the center and the twelve outer elements were capped 
there was still a somewhat center peaked profile, especially at the lower air 
velocities, as shown in Fig. 13. However, the mean equivalence ratio was close 
to the overall value, indicating that most of the injected "fuel" had been 
entrained by the airstream. Consequently, all further autoignition tests with 
the conical tube injector were conducted with this configuration, i.e., with 
the center and outer injection elements capped. The data indicate this con- 
figuration minimized fuel accumulation along the walls and resulted in a 
predictable and nearly uniform profile at radial positions up to H/R^ = +0.5. 


EXPERIMENTAL RESULTS AND DISCUSSION 


After selection of the conical tube injector, with the center and outer 
elements capped, as the configuration giving the best compromise between 
durability and mixture uniformity, parametric testing was initiated to map the 
ignition delay characteristics of Jet-A, JP-4, No. 2 diesel, cetane and ERBS 
fuels. Tests were conducted at pressures of 10, 15, 20, 25 and 30 atm, with 
fuel-air equivalence ratios of 0.3, 0.5, 0.7 and 1.0, and inlet air tempera- 
tures up to lOOOK. Ignition delay times in the range of L to 50 msec were 
obtained by interchanging spool pieces to create several different mixer/ 
vaporizer lengths (6.4 cm to 117 cm). Typically, tests were conducted at an 
airflow rate of 0.5 kg/sec and the resulting free stream velocities were in the 
range of 20 to 100 m/sec, depending on the ambient pressure level. A few tests 
were conducted at an airflow rate of 1.0 kg/sec to verify that the ignition 
delay times were relatively insensitive to changes in flow velocity. Also, 
several of the Jet-A tests were conducted using the modified cross-stream 
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(streamline) injector. Furthermore, the effect of preheating the inlet fuel up 
to 400K was evaluated for Jet-A fuel, and selected tests were made with JP-4 
fuel with all nineteen injector elements open to investigate the effect of 
changes in the injection profile on autoignition. 

Within the experimental accuracy, the ignition delay times for all the fuels 
tested appeared to correlate with ambient pressure and inlet air temperature 
according to the classical Arrhenius type equation 


pn 


exp C 


RT 


where K is the global activation energy corresponding to ail the physical and 
chemical processes occurring during the induction period, R is the universal 
gas constant, and A and n are empirical constants. Regression analyses performed 
on the autoignition data obtained for each of the fuels tested indicated that a 
pressure exponent of approximately 2.0 yielded the beat fit of the experimental 
data. Therefore, a value of u = 2,0 was used to develop generalized correlations 
for each of the fuels tested. 

Intrinsic ignition delay data require an accurate knowledge of the free'“stream 
conditions at the onset of autoignition. In the present experiment, the 
free-stream temperature can depart significantly from the inlet air temperature 
as a result of cooling as the fuel is preheated and vaporized and by convective 
heat transfer to the mixer/vaporizer wall. The degree of airstream cooling is 
dependent both on the apparatus (e.g., adiabatic or nonadiabatic boundaries) 
and the test conditions (e.g., fuel/air ratio, mixture distribution, pressure, 
temperature, airflow rate and residence time). Convective heat transfer calcula- 
tions require an accurate measurement of the mixer/vaporizer wall temperature 
distribution; therefore, although wall temperatures were monitored during 
several tests (using thermocouples installed at various depths in the mixer/ 
vaporizer wall and on the outer, water-cooled, surface), analytical heat 
transfer predictions do not have sufficient accuracy. For example, calculations 
performed using a 2-D turbulent boundary layer code developed at UTRC indicated 
that at a typical autoignition test condition (T = HllK, V = 30 atm, V = 35 
m/sec) and wall temperature (393R), the centerline (tree stream) temperature 
would remain constant for an axial distance equivalent to 40 L/O (172 cm). 

Beyond this axial distance, the flow would be fully developed and the bulk 
temperature would decrease at a rate of approximately 0.8K per cm. Although the 
predictions indicate that there is little cooling of the airstream along the 
centerline, the precise radial location at which autoignition occurs is not 
known. Furthermore, since the ignition delay time is an exponential function 
of the ignition temperature, a small change in the local temperature can 
significantly affect the correlations developed. 
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Sinct? uu’iKSuremoat of the mixture temperature at the onset of 

autoi^‘ii 1 1 ion was preclutied^ to avoid introducing any preferential ignition 
sites into tlie I low, tlie mixture temperature was calculated, assuming an 
adiabatic wall and complete vaporization and mixing. In addition, in order to 
elucidate tl»e etfect of equivalence ratio on autoigni t ion, tlie ignition delay 
data were also correlated as a function of tlie calculated temperature of the 
fuel-air mixture. However, because autoignition typically results from the 
accumulated effects of one or more precursor reactions and/or physical events 
ami is, therefore, dependent upon prior history, the equivalence ratio correla- 
tions must be regarded as qualitative, indicating general trends rather than 
magn i t udes , 

Because each of the test fuels exhibit similar trends in the ignition delay 
data, the results for one typical fuel are discussed in greater detail than the 
otliers. Also, although the order of testing began with parametric mapping of 
tlie conventional jet fuels (i.e., Jet-A and JF-4), the ignition delay data for 
No. 2 diesel fuel are discussed first because the data scatter was significantly 
reduced, probably due to improvement of the experimental techniques. In 
addition, a large experimental data base was obtained for No. 2 diesel fuel. 

In a tew instances, the data exhibited an anomalous behavior in that auto igni- 
tion failed to occur at temperatures well above the predicted or extrapolated 
levels. These data were judged spurious and are not included on any of the 
correlating curves; however, for completeness they are included in a tabulation 
ot all the test data which is presented in Appendix A. 


No. 2 Diesel Fuel 

Parametric autoignition testing of No. 2 diesel fuel was performed using 
the standard configuration of the multiple conical tube (costveam) injector. A 
summary of the results is presented in Figs. 14 through 19. As expected, the 
results indicate that ignition delay decreases with increasing air temperature 
and pressure. In Fig. 14, the data for the different equivalence ratios tested 
were commingled and plotted versus the reciprocal of the inlet air temperature. 
The Arrhenius approximation determined from a linear regression analysis of the 
data indicated that the apparent global activation energy is 41. b kcal/mole. 

This activation energy is in close agreement with the activation energy reported 
in Ref. 65 for No. 2 fuel oil at similar temperatures and pressures. Activation 
energies ranging from 10 to 50 kcal/mole have been reported by other investiga- 
tors for typical liquid hydrocarbon fuels in air; however, it is difficult to 
make direct comparisons of data because it is seldom possible to separate the 
physical and chemical phenomena. Also, direct interpretation of the activation 
energy is only meaningful for simple bimolecular reactions, and is of limited 
usefulness in the present context. Some scatter is present in the data, 
particularly at conditions of short mixing length (7.6 cm) and low pressure 
(highest velocity), suggesting an increased importance of apparatus-dependent 
phenomena at these conditions. 
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The combined effects of mixing length and airotrenm cooling are illustrated 
more clearly in Figs. 15 and 16, where the temperature scale is expanded and 
the ignition delay data are differentiated with respect to mixor/vaporizer 
length and fuel-air equivalence ratio, As can be seen trom the figures, length 
is an important variable in the present experiment, particularly at low equiva- 
lence ratio iHGe Fig. Lb). For lean overall equivalence ratios, mixture 
nonuniformities (such as would be obtained at short lengths) tend to increase 
the liklihood of autoignition; whereas, increased length leads to increased mixing 
and cooling and decreases the liklihood of autoignition. Thus, the competing 
etfects tend to increase the data separation and illustrate the importance of 
the prior history of the fuel-air mixture. For ease of comparison, the commingled 
data correlation is also shown. At the shortest mixer/ vaporizer lengtli (L ”* 

7.6 cm) and lowest equivalence ratio ( - 0.3) there is a substantial deviation 
of the data from the overall correlation (see Fig. 15); however, at higher 
equivalence ratios ( 4* 2 0.5) and for increased mixing length (L ^ 22.9 
cm) the agreement is much improved. In addition, an apparent “reduction** in 
the activation energy is evident at low levels of (whicli correspond to 

conditions of low pressure ana high temperature and result in short residence 
times), and at the low equivalence ratio (^ ® 0.3). similar “reductions" in 
apparent activation energies have been observed by other investigators (Kefs, 

32, 65 and 68) and probably reflect the increased importance of the constituent 
pliysical processes at these conditions. 

The importance ot the fuel-air mixture ratio on autoignition of No. 2 diesel 
fuel is shown in Figs. 17 through 19. As stated above, the data are correlated 
as a function of the calculated mixture temperature since there is significant 
cooling of the airstream as the fuel is vaporized and heated to the air tempera- 
ture. For example, a temperature depression ot approximately bOK will occur at 
an inlet air temperature of BOOK when the equivalence ratio is l.O (See Fig. 

17). This is particularly significant in view of the disproportionate effect 
of temperature on ignition delay. The data shown in Fig. lb were correlated for 
each of the equivalence ratios tested and the results were cross-plotted in 
Fig. 19 as a function of mixture temperature. The short mixing length (7,6 cm) 
data are not included since the extent to which vaporization and mixing are 
completed at this length is uncertain. The results tor a mixture temperature 
of 7U0K are shown in Fig. 19, and indicate that, for lean mixtures, increasing 
fuel/air ratio .significantly decreases ignition delay; however, actual measure- 
ments of the mixture temperature at the onset of auto ignition will likely 
indicate a more moderate effect as a consequence of the dependence on prior 
history. This trend is in agreement with tl\o data reported in Kef. 5b for 
kerosene-a i r mixtures . 


EKBS Fuel 

EKBS is a research test fuel being used by NASA as a representation of a 
future aircraft gas turbine fuel should it become necessary to broaden the 
current fuel specifications. It is a blend of kerosene (65 percent) and hy- 
drotreated catalytic gas oil (35 percent) and is being used as a reference in 
research investigations to evaluate fuel character effects on jet engine 
performance and durability. A comparison of the typical chemical compositions 
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and physical propc?rties of tKbS and No. I diesel fuels Cdee Table 2) indicates 
th.'it; th<‘y arc very similar, except foi small differences in the aromatic 
anu olefinic contents. Therefore, it is not surprising that the ignition delay 
data tor EKBS, shown in b’ig. 20, are nearly coincidental witl\ those discussed 
previously for No. 2 diesel fuel. Correlation of the data in Kig. 20 resulted 
ill a global activation energy of approximately 43. U kcal/mole. 


Jet-A Fuel 

Parametric autoignition testing of Jet“A fuel was performed usin ; { wo 
of tile injectors described above, i.e., the modified cross-stream (stieamline) 
injector and the costream (conical) injector. The ignition delay data obtained 
are differentiated with respect to injector type and plotted in Fig. 21. 

Although approximately 50 percent of the Jet-A testing was conducted using the 
streamline sliaped injector, within tlie accuracy of the measurements, there were 
no apparent differences in the ignition delay data that were attributable to 
the injector configuration. Comparison of the injector spray characterization 
data (cf . , Figs. 6 and 13) indicates that the measured water spray distributions 
were similar at radial positions up to H/K^ « 0.5. Also, it was found that 

at similar free-stream conditions, Jet-A required a shorter delay time for 
autoignition than any of the other -typical gas turbine fuels tested. (A more 
detailed discussion of the effect of fuel type on autoignition is presented at 
tlie conclusion of this section). The global activation energy for Jet-A was 
37.b kcal/mole. 


JP-4 Fuel 

The results of autoignition testing of JP-4 fuel are summarized in Fig. 22. 
In general, the trends with variations in temperature, pressure and fuel/air 
ratio are the same as those observed previously for No, 2 diesel, EKBS and 
Jet-A fuels. The degree of data scatter is highest for JP-4, stemming from a 
significantly higher percentage of tests which were conducted at the shortest 
(7.b cm) mixer/vaporizer length. As was shown in Figs. 15 and lb, tests 
conducted at short mixing lengths tend to given an apparent "reduction" in the 
activation energy when considered by themselves, but their inclusion into a 
population of tests conducted at longer lengths tends to bias the correlation 
toward a higher activation energy. Exclusion of these short mixing length data 
from the regression analysis significantly improves the correlation coefficient 
and leads to an activation energy of 43.1 kcal/mole which is approximately 
equal to the activation energies obtained previously for No. 2 diesel, EKBS and 
Jet-A fuels (see B’ig. 22). A similar discrimination of data was performed for 
each of the other fuels tested and resulted in no significant change in the 
correlations deve Loped . 
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Cetane Fuel 


Although cetane (hexadecane) is not an aircraft fuel, it was included in 
this study because it is a wel l-“characterized , pure hydrocarbon which is 
generally considered as a reference fuel. The autoignition characteristics of 
cetane are summarized in Fig, 23. Since it is well known that ignition delay 
time decreases as the cetane number of a fuel is increased, it was not unexpected 
that cetane was found to autoignite at a much lower temperature than any of the 
other fuels tested. The global activation energy determined for reaction of 
cetane (see Fig. 23) was comparatively high (50,4 kcal/mole) indicating that 
there is a strong sensitivity of ignition delay to inlet air temperature. 
Comparable activation energies have been reported for other typical paraffin 
fuels in Ref. 63. In all other respects, cetane behaved in a predictable 
manner similar to the other fuels tested, 


Comparison of Results 

A comparison of the autoignition correlations determined for each of the 
five fuels tested is presented in Fig. 24 and in Table 3, With the exception 
of cetane, which had the shortest ignition delay times, the ignition delay 
curves for the other typical gas turbine fuels lie within a relatively narrow 
band. Although data scatter may have introduced a slight bias in the posi- 
tions and slopes of some of the ignitior delay curves, a statistical analysis 
indicated that the general trends are meaningful. In this regard, the activa- 
tion energy reported for Jet-A has an uncertainty (i.e., one standard deviation) 
of approximately ^ 4 kcal/mole, the activation energy for JP-4 (exclusive of 
l.®7.4 cm) is uncertain to approximately ^ 3 kcal/mole, and the activation 
energies for No. 2 diesel, ERBS and cetane fuels are uncertain to approximately 
^ 2 kcal/mole. In addition to the obvious relationship of ignition delay and 
cetane number, other investigators (Ref. 66) have reported that for typical 
hydrocarbon fuels, straight chain paraffins are ignited most readily and that 
increasing the aromatic content of a fuel increases the ignition delay. The 
correlations shown in Fig. 24 and the fuels composition and physical properties 
data summarized in Table 2 are in general agreement with these observations. 

In Fig 25 the ignition delay times determined for Jet-A fuel are compared 
with ignition delays measured by other investigators for typical gas turbine 
fuels. The data of the previous investigators were correlated in Ref. 71 
according to the Arrhenius equation, using a pressure exponent equal to unity (n 
1.0). Therefore, in order to permit direct comparisons of results, alternative 
correlations having n * 1.0 were developed for the present data and are listed 
in Table 2, The figure shows that in the temperature range 675K to 775K there 
is general agreement of the data; however, at higher inlet air temperatures the 
present results indicate that autoignition occurs in a shorter time. A major 
factor contributing to the differences between the present and previous studies 
is the degree of mixing and extent of vaporization achieved. Indeed, many of 
the previous investigators were concerned with autoignition of fuel sprays, and 
none of the those referenced in the figure used a multiple-source injector. 
Therefore, it is likely that the major variations in the data stem from differ- 
ences in physical phenomena whose relative importance have been diminished with 
the present test apparatus. 
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Eftuct of Mixture Distribution 


Teats were <.onduct»«1 with JP-4 fuel to investigate the effect of injector 
coni iguration (i.e., fuel • oncentration profile) on ignition delay. Using the 
multiple conical tube injector, teats were performed with all nineteen fuel 
injector elements open and the results were compared with the results obtained 
for the standard configuration (six elements open). The atomization character- 
istics of air-blast type atomizers, such as the conical injector, are relatively 
insensitive to changifS in fuel flow rate (Ref. 17 ) \ therefore, no difference in 
droplet size was iiuiii|ated between configurations, (Spray distributions 
measured duiing lujLwtor characterization tests were discussed earlier and 
are presented in B‘igs. 11 and 13.) Tests were conducted at pressures of 15 
and 20 atm, an inlet airflow of 0.5 kg/sec, and fuel/air equivalence ratios 
of 0.3, 0.5, 0.7 and 1.0, The results of these tests are summarized in Pig. 26 
and compared with the results obtained for the standard injector configuration. 

Ihv data indicate a definite effect of fuel concentration profile on ignition 
delay ti-e; liowever, the differences decreased with increasing mixer/vaporizer 
Length n-ofl^ at the longest mixing length tested (116 cm), the difference in 
Ignition delay was negligible. At similar test conditions, longer delay times 
were required tor autoignition to occur when all nineteen fuel elements were 
functional, a result which would be anticipated if the mean, equivalence ratio 
was less than tlie theoretical value. In fact, the results of the injector 
characterization tests did indicate that with all injector elements open there 
was signif ij.atiL transfer of liquid to the wall and a centerline fuel concentra- 
tion below Llio theoretical value, as discussed earlier. The increased impor- 
tance of Che i)liysical processes is also manifested by a decreased sensitivity 
of ignition delay time to temperature. 


Effect of Fuel Temperature 

A series of tests was conducted to investigate the effect of inlet fuel 
temperature on ignition delay. Jet“A fuel was preheated to a temperature of 
400K at tlie point of injection and tests were conducted at pressures of 10 and 
2U atm, and fuol-air equivalence ratios of 0.5 and 0,7. Tr.e test results 
indicated that, within the accuracy of the data, no significant difference in 
ignition delay was observed due to fuel preheating. The effect of fuel preheating 
on the ignition delay of JP-4 and No. 2 fuel oil was investigated in Ref, 65 
and it was leported that ignition delay time decreased with increasing fuel 
temperature. However, at the lowest level of preheating tested (450K), the 
reduction iti de\ay time was small. 

Small increases in fuel temperature primarily affect the physical delay 
processes, i.e,, atomization and vaporization. The effect on the mixture 
temperature is negligible. Therefore, in order to interpret the apparently 
anomalous result, the mean droplet sizes and vaporization rates were predicted, 
with and wiUiuut fuel preheat. A correlation developed by Jasuja (Ref, 72) for 
a similar “air spray injector'* was used to predict the droplet sizes produced 
by the multiple conical tube injector. The correlation used is; 
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where: Si*® * drop diameter, m 

0 ^ “ liquid surface tension, N/m 
** liquid density, kg/m^ 

“ liquid viscosity, Ne/m^ 

*» air density, kg/m‘^ 

Ug ■ air velocity, m/ s 
D * orifice diameter, m 

AFR “ local air-to-fuel ratio at injection, by weight 


The correlation has two terms; the first is dominated by the air velocity while 
the second is responsive to liquid (i,e,, fuel) viscosity, For Jet“A fuel at 
the conditions of interest, the first term is the more dominant. The UTRC 
Spray Vaporization Program was used to determine the distances required for 
complete vaporization. The results of these analyses indicated that the 
droplet Sauter mean diameter (SMD) was decreased slightly from 30 pm to 
26 pm as a result of fuel prelieating to 400K, and therefore, the vaporization 
distance was not changed significantly. This theoretical result is in agree- 
ment with the fact that for the multiple conical tube injector, preheating the 
fuel to 400K does little to influence the physical processes. 


CONCLUDING REMARKS 


The ignition delay characteristics of five liquid hydrocarbon fuels in 
air have been investigated. The test apparatus developed permitted independent 
variation and control of temperature, pressure, air flow rate and fuel/air 
ratio in order that the effects of each parameter could be investigated indepen- 
dently. All of the fuels tested behaved in a predictable manner, that is, 
ignition delay time decreased as temperature, pressure and fuel/air ratio 
increased. The results for the different fuels tested (i.e., Jet-A, JP-4, No. 

2 diesel, ERBS and cetane) were directly comparable, since it was shown that 
the fuel spray characteristics were relatively insensitive to small changes in 
fuel properties (e.g., viscosity, surface tension and density). The degree of 
mixture uniformity, as indicated by the shape of the fuel concentration profile 
at the point of injection, was shown to have an important effect on the ignition 
delay, and demonstrated the need for careful interpretation of autoignition 
data and consideration of the test apparatus and methods used for their determina- 
tion. In addition, other physical phenomena such as airstream cooling due to 
fuel heating, vaporization and convective heat loss can have a significant effect 
on ignition delay. 
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times were correlated with ambient pressure and inlet air 
temperature according to the equation 


TP^ 


A exp (~) 


RT 


and global activation energies ranging from 38 to 43 kcal/mole were determined 
for reaction of the typical gas turbine fuels and an activation energy of 50 
kcal/mole was determined for pure cetane, 


26 






CITKU RKKKHJiNUKS AND ttlBLlOGKAPllY OK 
KKUiVANT AUTO IGNITION RESEARCH 


Hcv ; 


1. Hvokaw, U. S.: Thormal Ignition with Particular Rofertnico to High 

Tcmp»'rat iirt*s , SoloctoH CombuHtion Problems - 11. ACARD , Hut terworths , 
hoiuion , 1 hSh . 

'/I, MullinH, H. P,, ami S, S. Pcnnin*: Kxplt»rtionH, Detonations, KlammabiHty 

and lgnitioi\. ACARD, Pi*rgamon Prena, Now York, 1959. 

1. Mullins, H. P.; SpmU anooua Ignition ot Liquid Kuols. ACARD, Hut ttn worths , 
l.tMidon , 1 9‘> 5 . 

A, Somonov, N. N.: Thoimal 'Vhi*ory ot (’ombust ion and Explosion. NAOA TM 

10;V4, 1\)/k>, 


t U-K) 1 E I anu" tMu*nomo na : 

5. Agnow, W. t5 . , and J. *1‘. AgiU'w: Visible Emission Spectra ol Two-Stage 
Elamt'S ot Diethyl Ether Produci*d in a VMat-Elame Burner. Ind . Eng. 

Chem. , Vol. AH, I95b. 

6. Barnard, J. A., and B, A. Harwood: Slow Combust ion and Cool-Flame Behavior 

oC tso-Octane. Combustion and Flame, Vol. 21, 1973. 

7. Barnard, J. A., and A. Watts: Cool-Flame Oxidation of Ketones. I2th 

Symposium on Combustion, The Corabuo-tion Institute, 1969. 

8. Burgess, A. R. , and R, G. W. Laughlin: The Cool-Flame Oxidation of 

N-Heptane. Part T - The Kinetic Features of the Reaction, Combustion 
and Flame, Vol. 19, 1972. 

9. Minkott, C. J., atui C. F. H. Tipper: Chemistry of (\imbtist ion Reactions. 

Hut t erw<n ths , Londiui , 1 9b2 , 

10. Pahuke, A. d., P. M. Cohen and H. M. Sturgis: Preflame Oxidation of 
UydiiH'arbons in a Moton*d F.ngine. Ind. F.ng. Chemistry, Vol. Ab , No. I, 

19S4. 

11. Sheinson, K. S., F, W. Williams: Cool Flames: Use of the Term in Combustion 

C.bemistry and Analytical Chemistry. Analytical Chemistry, Vol, A7 , No, 7, 197 


d; 


\ 2 , Voiiuw, A, N., and I). 1. Skorodelov: Study on the Development of Preflaiiie 

Processes and ion of Hydrocarbons of Various Structures, Part I - 

Induction Periods of Ij^nition and Cold Flames as Functions of Compressions, 
'iempetature and Pressure. Kinetics and Catalysis, Vol. 8, I9b7. 

n. Voinov, A, N., and D. 1, Skorodelov: A Study of the Charactt^rist irs of 

Toe Deve lopmt'nt of Pre-Ignition Processes and the Combustion of Hydrocarbons 
of Difterent Structure, Part ll - The Intensity of the Cool-Flame Stage. 
Kinetics and Catalysis, Vol. 8, 1967. 

14. Yantovskii, S. Ya. ; Two-Stage Combust ion of Explosive Mixtures, Part III - 
Kinetic /iones of Autoignit ion of Iso-Octane-Air Mixtures Under High Pressues, 
Kinetics and Catalysis, 1966, 

Constant Volume Bomb Stud ies : 


1"). At tens, W. A., J. E. Johnson and H. W. Carhart: Effect of Chemical Structure 

on Spontaneous Ignition of Hydrocarbons. Jl. of Chem, and Engr, Data, Vol. 6, 
No, 4. 1961. 

h?, Affens, W. A., and H. W, Carhart: Ignition Studies, Part VII. The Deter- 

mination of Autoignition Temperatures of Hydrocarbon Fuels, Naval Research 
Laboratory Report No. 7665, 1974. 

17. Barnard, J, A., and B. A. Harwood: Physical Factors in the Study of the 

Spontaneous Ignition of Hydrocarbons in Static Systems, Combustion and 
Flame, Vol. 22, 1974. 

18. Barnard, J. A., and B. A. Harwood: The Spontaneous Combustion of N-Heptane, 

Combustion and Flame, Vol. 21, 1973. 

19. Faetii, G. M. , and D. R, Olsen: The Ignition of Hydrocarbon Fuel Droplets 

in Air. SAE Paper No. 680465, 1968. 

20. Hum, R. W., and K. J, Hughes: Combustion Characteristics of Diesel Fuels 

as Measured in a Const ant -Vo lume Bomb. SAE Trans., Vol. 6, pp. 24-35, 1952. 

21. Hum, R. W,, J, 0. Chase, C. F. Ellis, and K, J. Hughes: Fuel Heat Gain and 

Release in Bomb Ignition, SAE Trans,, Vol. 64, pp, 703-711, 1956. 

22. Johnson, J. E., J. W. Crellin, and H, W. Carhart: Autoignition Properties of 

Certain Diesel Fuels. Ind. Eng. Chemistry, Vol. 44, No. 7, 1952. 

23. Johnson, J. E., J, W. Crellin, and H, W. Carhart: Ignition Behavior of the 

Hexanes. Ind. Eng. Chemistry, Vol. 46, No, 7, 1954. 


28 


. Johnson, .1. K,, J. W. Ovolliu, aiui U, W. CnrUrtrt: Spoilt anoous Ignition 

Pioportit's ot Kuols and Hydrocarbons . Ind. Kng. Chemistry, Vol, 45, No. 8, 
195J, 

>S, Kadoia, T., H Kiroyasu, and II. Oya: Spontaneous Ignition Delay oi a Fuel 

Droplet in High Pressure and High Tv'mporature Gaseous Environments. Bulletin 
ot the JSME, Vol. 19, No. 130, April 1976. 

:>(). Kuchta, J. M., A. BarCkowiak, and M. G. Zabetakis: Autoignition Character- 

ist ics ot JP-6 Jet Fuel, AFASD-62-fol 5 , 1962. 

27. Kuchta, J. M. ; Summary ot Ignition Properties of Jet Fuels and Other 
Aircraft Combustible Fluids. AFAPl.“TK“ 75~70 , 1975. 

28. Kuchta, J, M. , R. J. Cato, G. H. Mart indill, and W. H. Gilbert: Ignition 

Ch a r a c t e r i s t Lc s o f Fuels and l.ub r i c a nt s . AF AP L-TK- 6 6- 2 1 , 1966, 

29. Staikman, E.: Ign it ion Delay in Diesel Engines, Trans, of AlChE, Vol. 42, 

pp. 107-120, 1946. 

30. Woller, U. H. : Ignition hag in the Diesel Engine. Trans, by K.A.E., 

No. 3S8, 19S0. 

31. Wood, B. J., and W. A. Rosser: An Experimental Study of Fuel Droplet 

Ignition. AlAA Journal, Vol. 7, 1969. 

32. Zabetakis, M. 0., A. h. Furno, and 0. W. Jones: Minimum Spontaneous 

Ignition Temperatures of Combustibles in Air. Industrial and Engineering 
Chemistry, Vol, 46, No. 10, 1954. 

Rapid Compression Methods: 

33. Falk, K. G.t Ignition Temperatures of Hydrogen-Oxygen Mixtures. Journal 
of the ACS, Vol. 28, pp. 1517-1534, 1906. 

34. Halstead, M. P., L, J. Kitsch, A. Prothero, and C. P. Quinn: A Mathemat ical 

Model for Hydrocarbon Autoignition at High Pressures. Proc. K. Soc . Loud., 
A. 346, 1975. 

35. Jost. W., and A. Mart inengo: Recent Invest igat ions of Reaction Processes 

by Means of Adiabatic Compression. SAE Trans., Vol. 75, 1967. 

36. hivengood, J. C. , and P. C. Wu: Correlation of Autoignition Phenomena 

in Internal Combust ion Engines and Rapid Compression Machines . I itth 
Symposium (International) on Combustion, The Combustion Institute, 1955, 


\k 


J7 . Kilkin, K* H, , *nul C>. WiilcutC; A Hanis for t/ndors t and iuj; Antiknock 
Action. SAK fians., Vol , b'S, pp. 1957. 

^8. Taylor» C. K, K. S. Taylor, J. C. Livongood, W. A. Kumsi* 11, and 

W. A. l.caiy: It-jiition ot Kuols by Rapid Comprct; s ion . SAl*: guartorly 
Trans., Vol. 4,, 1950. 

K^' c i pt ocat ing KnjL^inc St ud ios ; 

39. Kl Wak i I , M. N. , P. S, Moyers, and 0, A. Uyohara: Kuol Vapor i/.at ion and 

Ignition Lag in Diosol Combustion. SAK Trans., Vol. 64, pp. 7 12-729 , I95u. 

40. Can\oi , K. II., K. Morton, J. H, Saunby, and C. H. Grigg; Pro! lamo 
Reactions in niosol Knginos. Jl. ol tl\o Inst, of Potroloum, Vol. 43, 
pp. 124-130, 1^57. 

41. Garner, K. H., K. Morton, and J. H. Saunby: Preflamo Reactions in 

Diesel KngitU's. Part V. Jl. of the Inst, of Petroleum, Vol. 47, 
pp. 17 5-191, 1 9(3 1, 

m 2. Hone in, N, A., and J. A, Holt: Ignition Delay in Diesel Kngines, SAK 

Paper No. O/00O7, I9u7. 

43. Henein, N. A., and J* A* Holt: Kinetic Considerations in the Auto- 

ignition and Cimibust ion of Kuel Sprays in Swirling Air. ASME Paper 
No. 72-DGP-8, 1972. 

44. Henein, N. A., and J, A. Holt: Corvelat ion of Air Charge Temperature 

and Ignition Delay for Several Fuels in a Diesel Engine, SAE Paper 
No. 690252, 1969. 

45. Lyn , W. T. and K. Valdmanis: The Effects of Physical Factors on Ignition 

Delay. Pt\H' . Auto. Div., Inst itut ion of Mechanical Engineers, 181 

(Pt. 2A), 34, 1966-67. 

4b. Rassweiler, C. M. , and L. L, Withrow: Spectrograph ic Detection of 

Formaldehyde in an Engine Prior to Knock. Ind. and Eng. Chem. , Vol, 25, 



pp. 1359-1366, 

1933. 





47. 

Schmidt , F. A. 

F. ! 

: Theoret ical 

and 

Experimental Study of 

Ign it ion 

Lag 


and Engine Knoc 

k. 

NACA TM 891, 

1939, 



48. 

Sunn Pedersen, 


, and B. Qvale; 

A 

Model for the Physical 

Part of 

the 


Ignition Delay in a Diesel Engine. SAE Paper No. 740716, 1974, 

49. Wentzel, W. : Ignition ProceSvS in Diesel Engines. NACA TM 979, 1936, 





30 


Shock-Tybe Studies; 


50, Burcat A,; Calculation of the Ignition Delay Times for Methane-Oxygen- 
Nitrogen Dioxide-Argon-Mixtures. Tochnion-lsrael Inst, of Tech., 1975. 

51, Lifshitz, A., K, Scheller, and G. B. Skinner: Shock- Tube Investigation 

of Ignition in Methane-Oxygen-Argon Mixtures. Combustion and Flame, 

Vol. 16, pp. 311-321 , 1971, 

52, Myers, R, F. , and E. R. Barth; Reaction and Ignition Delay Times in the 
Oxidation of Propane, AIAA Journal, Vol. 7, No. 10, pp. 1862-1869, 1959. 

53, Skinner, G, B., A. Lifahitz, K, Schcller, and A. Burcat: Kinetics of 

Methane Oxidation. Jl. of Chem. Phys,, Vol. 56, No. 8, pp. 3853-3861, 1972, 

54, Steinberg, M. , and W. E, Kaskan: Tlie Ignition of Combustible Mixtures by 

Shock Waves. Fifth Symposium (international) on Combustion. The Combustion 
Institute, 1955. 

55, Vermeer, D, J., J. W. Meyer, and A. K. Oppenhoim: Auto ignition of Hydro- 

carbons Behind Reflected Shock Waves. Combustion and Flame, Vt>l. 18, 

pp. 327-336, 1972. 

Continuous Flow Methods: 


56. Brokaw, R. S. , and J, L. Jackson: Effect of Temperature, Pressure and 

Composition on Ignition Delays for Propane Flames, Fifth Symposium 
(International) on Combustion, The Combustion Institute, 1955. 

57. Burwell, W. G., and D. R. Olsen: The Spontaneous Ignition of Iso-Octane 

Air Mixtures under Steady Flow Conditions. SAE Paper No. 650610, 1965. 

58. Ducourneau, F.: Inflammation Spontanee de Melanges Riches Air-Kerosene. 

Entropie, N*59, 1974. 

59. Ingebo, R. D., and C. T. Norgren: Spontaneous-Ignition Temperature Limits 

of Jet A Fuel in Research-Combustor Segment. NASA TM-X-3146, 1975, 

60. Jackson, J. L. , and R. S. Brokaw: Flow Apparatus for Determination of 

Spontaneous Ignition Delays. Industrial and Engineering Chemistry, Vol. 46, 
No. 12, 1954. 

61. Marek, C. J., L, Papathakos, and P. Verbulecz: Preliminary Studies of 

Autoignition and Flashback in a Premixing-Prevaporizing Flame Tube Using 
Jet-A Fuel at Lean Equivalence Ratios. NASA l>1-X-3526, May 1977. 


31 




wf 


Mtibirv, A*, atid b' • Dui:ourneau; Recent Studies u£ the Spontaneous Ignition 
ol Rich Ail -Kerosene Mixtures. O.N.E.R.A* , 1973. 

t)3. Mullins, B. P.; Studies on the Spontaneous Ignition of Fuels Injected 
into a Jlot Alrstream. Parts 1 - VllI, Fuel, No. 32, 1953. 

64. Mullins, B. P.; Tlie Spontaneous Combustion of Fuels Injected Into a 
Hot Cas St l earn. Third Symposium on Combustion, Flame and Explosion 
Phenomena, The Combustion Institute, 1949. 

65. Spadacciul, 1.. J., Autoignitlon Characteristics of Hydrocarbon Fuels at 
Elevated Temperatures and Pressures. Journal of Engineering for Power, 
Trails. \SME, Vol. 99, Series A, January 1977. 

66. Strtnget, F. W., A. E. Clarke, and J. S. Clarke: The Spontaneous Ignition 

ot Hydrocarbon Fuels in a Flowing System. Proc. Auto. Dlv., Institution 
of Mechanical Engineers, 1970. 

67. Subba Rao, H. N. , and A. H. Lefebvre: Ignition of Kerosene Fuel Sprays 

in a Flowing Alrstream. Combustion Science and Technology, Vol. 8, I973j 

68. Taback, E. D.: The Auto Ignition Characteristics of JP-4 at High 

Temperature and Pressure. P&VJA TDM-2284, 1971. 

Fuel Injection Systems: 

69. Tacina, R. R. ; Experimental Evaluation of Premixing-Prevaporlxing Fuel 
Injection Concepts for a Gas Turbine Catalytic Combustor. NASA TM-73755, 
1977. 

70. Tacina, R. R.: Experlmer.tal Evaluation of Fuel Preparation Systems for 

an Automotive Gas Turbine Catalytic Combustor. NASA TM-78856, 1977. 

71. Sturgess, G.J.: Advanced Low Emissions Catalytic Combustor Program. 

Premixed Prevaportied Combustor Technology Forum, NASA Conference 
Publication 2078, 1979. 

72. Jasuja, A. K.: Atomization of Crude and Residual Fuel Oils. ASME Paper 

78-GT-83, April 1978. 


32 







TABLE 2 


Measured Properties of Test Fuels 


t^ioperty 

API Gravity 
t’pecific Gidvity 
•veezing PoluL*(K) 

Viscosity ( c s ) at 250K 
Surface T^susion (dynes/cm) 
at 298K 

Total Sultui , wt% 

Heat of ion* 

Distillation (K) 

IBP 

10 % 

50% 

90% 

FBP 

Aromat ics , vol% 

Olefins, vol% 

Napthenes, vol% 

Paraffins, vol% 

Hydrogen, wt% 


Cetane 

Jet-A 

JP"4 No. 

2 Diesel 

51.2 

45.0 

54.1 

34.0 

.7743 

.8017 

.7625 

.8549 

291 

233 

215 

267 

4.35** 

5.30 

2.14 

2.87** 

22.1 

22.5 

21.7 

24.3 

0.0 

.1152 

.0092 

.3039 

20400 

18622 

18714 

18600 

560 

432 

334 

428 

560 

450 

362 

469 

560 

478 

423 

533 

560 

517 

500 

600 

560 

538 

522 

622 

0 

11.26 

15.37 

27.48 

0 

1.05 

0.49 

2.41 

0 

23.94 

8.02 

15.34 

100 

63.75 

76.12 

54.77 

15.03 

14.06* 

14.23* 

13.11* 


* Typical values 

** T ^ 29AK 


■ ERBS 

37,1 

.8381 

244 

7.20 

24. 

.085 

18275 

435 

461 

488 

552 

601 

35.0 

0.0 

13.15 

51.85 

12.86 


TABLE 3 


Ignition Delay Correlations 



1 msec ^ T ^ 50 msec 
650K i 1 i 900K 
10 atm ^ P i 30 atm 
0.3 ^ ♦ ^1.0 


Fuel 

n 

A 

E 

kcal/mole 

Jet-A 

2.0 

1.68 X 10 “^ 

37.78 


1.0 

6.89 X 10~^ 

35.09 

JP-4 

2.0 

1.17 X ur *^ 

43.0b 


1.0 

4.87 X 10"^ 

3b. 7b 

No. 2 Diesel 

2.0 

2.43 X 10“^ 

41.5b 


1.0 

4.00 X 10"^® 

39.88 

ERBS 

2.0 

1.11 X 10"^ 

42.98 


1.0 

5.15 X 10"^° 

39.64 

Cetane 

2.0 

4.04 X 10“^^ 

50.44 


1.0 

2.65 X 10"^2 

43.84 




Figure 1 Correlation of Ignition Delay Data 
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Figure 8 Spray Distribution from Distributed-Source Cross-Stream Injector 






Figure 7 Streamline-Shaped Distributed Source Cross-Stream Injector 





Figure 8 Spray Distribution from Streamline-Shaped Distributed-Source Injector 
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Figure 12 Spray Distribution from Conical Tube Injector 
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Figure 14 Autoignition Characteristics of No. 2 Diesel Fuel In Air 
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Figure 22 Autoignltlon Characteristics of JP-4 Fuei in Air 
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Figure 25 Autoignition of Liquid Hydrocarbon Fuel Sprays In Air (Ref. 71) 
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TABLE A1 


Ignition Delay Data for No, 2 Diesel Fuel in Air 


♦ « 0.3 

Tfuel - 300 K 

Conical Injector 


p 

atm 

L 

cm 

T ♦ 
^air 

K 

T * 
mix 

K 

Airflow 
Rate 
kg/ sec 

Fuel Flow 
Rate 
kg/ sec 

Vair 

m/sec 

Ignition 

Delay 

secxlO^ 

10.4 

115.6 

978 

943 

0.5 

.0118 

91.7 

>12.6 

15.7 

115.6 

750 

726 

0.5 

.0115 

46.5 

24.8 

15.4 

68.6 

767 

742 

0.5 

.0125 

49.1 

14.0 

14.9 

22.9 

844 

815 

0.5 

.0136 

55.5 

4.1 

15.1 

7.6 

976 

941 

0.5 

.0135 

64.0 

> 1.2 

20.7 

115.6 

717 

694 

0.5 

.0137 

33.9 

34.1 

20.7 

68.6 

755 

730 

0.5 

.0117 

35.7 

19.2 

20.1 

22.9 

769 

743 

0.5 

.0111 

37.3 

6.1 

20.3 

7.6 

778 

752 

0.5 

.0135 

37.8 

2.0 

25.8 

115.6 

700 

678 

0.5 

.0137 

26.7 

43.2 

24.7 

68.6 

717 

694 

0.5 

.0107 

28.5 

24.1 

25.5 

22.9 

741 

717 

0.5 

.0117 

28.7 

8.0 

25.4 

7.6 

731 

707 

0.5 

.0113 

28.4 

2.7 

24.9 

7.6 

740 

716 

0.5 

.0123 

29.2 

2.6 

30.2 

115.6 

686 

664 

0.5 

.0137 

22.0 

52.6 

29.9 

68.6 

694 

672 

0.5 

.0120 

22.7 

30.3 

29.8 

22.9 

715 

692 

0.5 

.0141 

23.3 

9.8 


Comments 


No Autoignition 


No AutoJL^ni t ion 
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TABLE A2 


Ignition Delay Data for No. 2 Diesel Fuel in Air 


« ■ 0.5 

Tjuei -300K 
Conical Injector 


p 

atm 

L 

cm 

K 

T • 
*mix 

K 

Airflow 
Kate 
kg/ sec 

Fuel Flow 
Rate 
kg/sec 

^air 
m/ sec 

Ignition 

Delay 

secxlO^ 

10.4 

115.6 

769 

729 

0.5 

.0174 

72.4 

16.0 

10.1 

115.6 

802 

759 

0.5 

.0177 

77.4 

15.0 

10.3 

68.6 

978 

924 

0.5 

.0183 

92.5 

> 7.4 

10.2 

22.9 

961 

908 

0.5 

.0182 

92.8 

> 2.5 

15.2 

115.6 

733 

695 

0.5 

.0175 

46.9 

24.6 

15.3 

68.6 

739 

701 

0.5 

.0172 

47.5 

14.4 

15.1 

22.9 

781 

740 

0.5 

.0170 

50.9 

4.5 

14.8 

7.6 

875 

827 

0.5 

.0175 

58.3 

1.3 

20.3 

115.6 

705 

669 

0.5 

.0169 

33.9 

34.1 

20.4 

115.6 

709 

673 

0.5 

.0173 

34.1 

33.9 

20.9 

68.6 

718 

681 

0.5 

.0170 

33.6 

20.4 

19.8 

22.9 

761 

721 

0.5 

.0171 

37.3 

6.1 

19.6 

22.9 

755 

715 

0.5 

.0173 

37.4 

6.1 

20.6 

7.6 

756 

716 

0.5 

.0164 

36.1 

2.1 

19.8 

7.6 

778 

737 

0.5 

.0170 

38.6 

2.0 

25.4 

115.6 

689 

654 

0.5 

.0166 

26.5 

43.6 

24.9 

68.6 

711 

675 

0.5 

.0170 

28.0 

24.5 

25.4 

22.9 

728 

691 

0.5 

.0168 

28.3 

8.1 

25.1 

7.6 

736 

698 

0.5 

.0176 

28.7 

2.7 

29.8 

68.6 

701 

666 

0.5 

.0172 

22.9 

29.9 

30.1 

22.9 

722 

685 

0.5 

.0169 

23.6 

9.7 

30.1 

7.6 

725 

688 

0.5 

.0170 

23.4 

3.3 


Comments 


No Autoignition 
No AutoigniX-ion 
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TABLE A3 


Ignition Delay Data for No. 2 Diesel Fuel in Air 


? 

at m 

L 1 

cm 

Airflow 

air ^mix 
K K kg/sec 

^ a 0.7 

Tfuel " 300 K 
Conical Injector 

Fuel Flow Ignition 

Rate ^air Delay 

kg/sec m/sec secxlO^ 

Comments 

10.3 

115.6 

764 

710 

0.5 

.0237 

72.1 

16.0 


10.4 

68.6 

803 

746 

0.5 

.0244 

75.4 

9.1 


10.0 

22.9 

1005 

929 

0.5 

.0240 

99.5 

> 2.3 

No Autoignit 

15.1 

115.6 

725 

675 

0.5 

.0240 

46.8 

24.7 


15.2 

68.6 

750 

698 

0.5 

.0235 

48.4 

14.2 


15.4 

22.9 

780 

724 

0.5 

.0244 

49.9 

4.6 


15.4 

7.6 

797 

740 

0.5 

.0239 

51.0 

1.5 


15.4 

7.6 

789 

733 

0.5 

.0237 

50,8 

1.5 


19.7 

115.6 

708 

659 

0.5 

.0230 

35.0 

33.0 


20.3 

68.6 

725 

675 

0.5 

.0243 

34.9 

19.7 


20.0 

22.9 

758 

705 

0.5 

.0239 

36.6 

6.2 


20.3 

22.9 

758 

705 

0.5 

.0239 

35.3 

6.5 


19.8 

7.6 

761 

708 

0.5 

.0235 

37.8 

2.0 


20.5 

7.6 

759 

706 

0.5 

.0233 

36.4 

2.1 


25.6 

115.6 

692 

645 

0.5 

.0238 

26.5 

43.9 


25.1 

68.6 

717 

668 

0.5 

.0239 

28.1 

24.4 


25.3 

22.9 

742 

690 

0.5 

.0235 

28.6 

8.0 


24.7 

7.6 

742 

690 

0.5 

.0239 

29.5 

2.6 
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TABLE A4 


P 

atm 


10.2 

10.3 
10.6 
10.0 

15.1 

15.3 
15.5 

15.4 

15.4 

20.3 

20.2 
20.2 

20.5 


Ignition Delay Data tor No. 2 Diesel Fuel in Air 


'fuel 


1.0 

300 K 


Conical Injector 


Airflow Fuel Fl*)w Ignition 


L 1 

cm 

■air ■■ 
K 

mix 

R 

Rate 
kg/ sec 

115.6 

764 

690 

0.5 

68.6 

800 

722 

0.5 

22.9 

875 

787 

0.5 

7.6 

978 

878 

0.5 

115.6 

730 

661 

0.5 

68.6 

758 

685 

0.5 

22.9 

794 

716 

0.5 

22.9 

794 

716 

0.5 

7.6 

806 

727 

0.5 

115.6 

711 

644 

0.5 

68.6 

737 

667 

0.5 

22.9 

767 

693 

0.5 

7.6 

769 

695 

0.5 


Rate Delay 

kg/sec m/sec secxlO*^ 


.0349 

73.0 

15.8 

.0338 

75.6 

9.1 

.0350 

81.6 

2.8 

.0332 

96.1 

> 0.8 

.0343 

46.9 

24.6 

.0348 

45.7 

14.1 

.0339 

50.1 

4.6 

.0336 

50.9 

4.5 

.0335 

51.6 

1.5 

.0345 

34.2 

33.8 

.0342 

35.6 

19.2 

.0344 

36.1 

6.3 

.0326 

37.0 

2.1 


Comments 


No Auto ignition 
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TABLE 



Airflow Fuel Flow 

Rate Rate V_. 

air 

kg/sec kg/aec m/8e< 


10.3 115.6 997 961 0.5 .0135 95.5 

10.4 68.6 983 948 0.5 .0121 93.7 

15.1 115.6 752 727 0.5 .0124 49.6 

14.7 115.6 772 746 0.5 .0113 51.7 

15.4 68.6 781 755 0.5 .0128 50.1 

15.4 22.9 814 787 0.5 .0137 52.1 

15.2 22.9 783 757 0.5 .0141 50.2 

20.4 115.6 699 677 0.5 .0113 33.9 

20.7 68.6 750 725 0,5 .0121 35.9 

20.7 22.9 753 728 0.5 .0139 35.9 

19.8 22.9 756 731 0.5 .0141 37.5 

20.0 7.6 828 800 0.5 .0107 40.0 

25.3 115.6 711 688 0.5 .0104 27.8 

25.1 68.6 733 709 0.5 ,0107 28.9 

25.4 22.9 744 720 0.5 .0110 28.4 

25.3 7.6 752 727 0.5 .0135 29.0 

30.1 115.6 681 659 0.5 .0130 22.3 

29.8 68.6 718 695 0.5 .0127 23.9 

30,0 22,9 736 712 0.5 .0110 23.9 

30.4 7.6 742 717 0.5 .0121 24.1 



ERBS Fuel in Air 


TABLE A6 


Ignition Delay Data For EKBS Fuel in Air 


Conical 


0.5 
300 K 
Injector 


p 

atm 

L T 

cm 

air 

K 

T • 
mix 

K 

Airflow 
Rate 
kg/ sec 

Fuel Flow 
Rate 
kg/ sec 

V • 
air 

m/ sec 

Ignition 

Delay 

secxlO^ 

10.2 

115.6 

814 

771 

0.5 

.0169 

79.0 

14.5 

10.3 

68.6 

994 

948 

0.5 

.0162 

95.3 

> 7.2 

14.9 

115.6 

731 

692 

0.5 

.0165 

48.5 

23.5 

15.1 

68.6 

769 

728 

0.5 

.0167 

50.5 

13.6 

15.4 

22.9 

778 

737 

0.5 

.0168 

49.4 

4.6 

15.1 

7.6 

978 

924 

0.5 

.0160 

63.4 

> 1.2 

14.9 

7.6 

956 

903 

0.5 

.0174 

62.8 

> 1.2 

20.4 

115.6 

713 

677 

0.5 

.0170 

34.6 

33.0 

19.7 

68.6 

739 

701 

0.5 

.0172 

37.0 

18.5 

20.2 

22.9 

747 

708 

0.5 

.0176 

36.9 

6.2 

20.0 

7.6 

794 

752 

0.5 

.0150 

38.8 

2.0 

20.0 

7.6 

778 

737 

0.5 

.0172 

38.2 

2.0 

25.6 

115.6 

696 

661 

0.5 

.0159 

26.9 

42.5 

25.4 

68.6 

736 

698 

0.5 

.0183 

28.6 

24.0 

25.2 

22.9 

733 

695 

0.5 

.0174 

28.2 

8.1 

25.6 

7.6 

747 

708 

0.5 

.0165 

28.5 

2.7 

30.0 

115.6 

678 

644 

0.5 

.0165 

22.4 

51.4 

30.2 

68.6 

708 

672 

0.5 

.0158 

23.2 

29.5 

30.5 

22.9 

725 

688 

0.5 

.0170 

23.0 

9.9 

30.2 

7.6 

728 

691 

0.5 

.0171 

23.5 

3.2 


Comments 


No Autoignition 


No Auto ignition 
No Autoignition 
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TABLE AlO 


Ignition Delay Data for Jet-A Fuel in Air 
♦ “ 0.5 


p 

atm 

L 

cm 

T - 
air 

K 

T • 
mix 

K 

Airflow 
Rate 
kg/ sec 

Fuel Flow 
Rate 
kg/ sec 

Vair 
m/ sec 

■^fuel 

K 

Ignition 

Delay 

secxlO^ 

1 

Comments 

10.2 

129.5 

761 

721 

0.5 

.0172 

73.0 

300 

17.2 

Streamline Injector 

10.1 

116.9 

722 

683 

0.5 

.0171 

69.5 

300 

16.8 

Conical Injector 

10.5 

116.9 

722 

685 

0.5 

.0173 

67.2 

300 

17.2 

II II 

10. b 

i 16.9 

694 

659 

0.5 

.0170 

65.0 

402 

18.0 

II II 

10.4 

115.6 

756 

716 

0.5 

.0170 

71.1 

300 

10.3 

II II 

10.2 

99.1 

733 

695 

0.5 

.0172 

67.5 

300 

14.7 

Streamline Injector 

10.5 

83.8 

740 

701 

0.5 

.0174 

66.6 

300 

12.6 

II It 

10. b 

b9.9 

753 

714 

0.5 

.0172 

70.0 

300 

9.9 

Conical Injector 

9.8 

69.9 

831 

786 

0.5 

.0173 

81 .8 

300 

8.5 

It II 

10.2 

69.9 

772 

731 

0.5 

.0170 

74.6 

4] 3 

9.3 

n II 

10.0 

68.6 

808 

765 

0.5 

.0172 

79.2 

300 

8.7 

II II 

10.4 

5 3.3 

806 

763 

0.5 

.0172 

73.5 

300 

7.3 

S t r e am lino 1 n j e c t o r 

10.2 

24.2 

951 

898 

0.5 

.0170 

90.9 

300 

>2.7 

Conical Injector, No 


Autoignitiou 


15.2 

99.1 

694 

659 

0.5 

.0172 

43.3 

300 

22.9 

Streamline Injector 

15.3 

83.8 

715 

678 

0.3 

.0172 

44,4 

300 

18.9 

tt II 

15.2 

53.3 

744 

705 

0.5 

.0177 

46.6 

300 

11.5 

II II 

15.7 

22.9 

790 

747 

0.5 

.0172 

47.7 

300 

4.8 

It II 

15.0 

22.9 

793 

750 

1.0 

.0354 

103.3 

300 

2.2 

li II 

15.2 

6.4 

794 

751 

0.5 

.0170 

49.7 

300 

1.3 

II II 

20.3 

115.6 

705 

669 

0.5 

.0171 

34.0 

300 

34.0 

Conical Injector 

20.4 

115. 6 

702 

666 

0.5 

.0176 

33.6 

300 

34.4 

II II 

20. 1 

83.8 

707 

671 

0.5 

.0170 

33.3 

300 

25.2 

Streamline Injector 

20.3 

68.6 

722 

685 

0.5 

.0175 

35.1 

300 

19.5 

Conical Injector 

20.2 

68.6 

717 

680 

0.5 

.017/ 

34.9 

300 

19.6 

II It 

20.3 

24.2 

736 

698 

0.5 

.0170 

35.4 

300 

6.8 

II II 

20.1 

24.2 

750 

711 

0.5 

.0174 

36.1 

300 

6.7 

II M 

20.3 

24.2 

753 

714 

0.5 

.0175 

35.3 

300 

6.5 

II II 

19.0 

8.9 

731 

694 

0.5 

.0165 

36.9 

300 

2.4 

Streamline Injector 

20,3 

6.4 

778 

737 

1.0 

.0333 

74,0 

300 

0.9 

II II 

23.8 

53.3 

706 

670 

0.5 

.0170 

28.1 

300 

19.0 

ti ti 

25.4 

6.4 

733 

696 

0.5 

.0166 

27.4 

300 

2.3 

II II 


A- 1 1 













Ignition Dolny 


1. 

tm 

^•.ur 

K 

T • 
mix 

K 

Air i lt>w 
Koto 
kg/soc 

Kuo 1 K 1 
Rato 
kg/.soc 

lU).^ 

734 

088 

0.3 

.0234 

n 0 . ^) 

724 

b74 

0..3 

.0233 

n 0 . ^ 

7(U) 

bS2 

0.3 

.0233 

1 in.^) 

ZD'S 

b.3 7 

0.3 

.0241 


742 

b40 

0. 3 

.0238 

1 

724 

0/4 

0.3 

.u23o 

, 1 

/17 

bb8 

0.3 

.023b 


74 7 

b44 

0.3 

.0232 


730 

b4 7 

0.3 

.0243 


778 

722 

0.3 

,0238 


73b 

703 

0.3 

.0232 

3^..) 

784 

733 

0.3 

.0232 

24.1' 

80 3 

74 b 

0.3 

.0243 

24.2 

414 

84 b 

0. 3 

.0243 

22.4 

830 

788 

0.3 

.0232 

8.4 

48b 

413 

0.3 

.0241 


83.8 

722 

072 

0.5 

.0230 

33. 5 

732 

700 

0.3 

.0232 

22.4 

783 

727 

0.3 

.0232 

b . 4 

744 

737 

0.3 

.0232 

1 13 .b 

b48 

0 30 

0.3 

.0240 

113. b 

b44 

b4b 

0.3 

.0233 

b9.4 

712 

bb3 

0.3 

.0238 

b8 . b 

71b 

bb7 

0.3 

.0233 

b8 . b 

711 

bb2 

0.3 

.0238 

24.2 

722 

072 

0.3 

.0233 

8.4 

71 1 

bb2 

0.3 

.0220 

8.9 

711 

bb2 

0.3 

.0221 


TABl.K All 


ia lot Jot^A Kuol in Air 
^ « 0.7 

ow Ignition 


Vair 


Du lav 
' 1 

ComtmnU s 

m/suc 

K 




72.3 

300 

10. 1 

Conica 1 

In joctor 

b4.4 

300 

18.0 

II 

II 

03.4 

402 

17.7 

II 

II 

02. 0 

402 

18.4 

It 

n 

70.2 

300 

10.3 

II 

II 

04.4 

300 

13.0 

8 1 r t? am 1 i no 1 n j u c L o r 

04.4 

300 

13.3 

II 

It 

04.4 

300 

12.1 

M 

M 

07.1 

300 

10.4 

Conical 

In joe t4)r 

74.0 

300 

4.3 

II 

II 

70.4 

400 

4.8 

It 

M 

71 .3 

300 

;.3 

Strcaml ino Injector 

08.2 

300 

3.0 

Conical 

Injector 

87.2 

403 

2.7 

II 

II 

77 .0 

3U0 

3.0 

St ream 1 i 

ino Injector 

44.1 

300 

>0.43 

Conical 

Injector , 


No Autoignition 


43.2 

300 

18.0 

St ream 1 i ne 1 n j ec tor 

47.3 

300 

11.3 

ti 

II 

48.2 

300 

4.8 

II 

II 

30.2 

3U0 

1.3 

11 

II 

34.0 

300 

33.4 

Conica 1 

Injector 

33.4 

300 

34.0 

II 

It 

33.4 

300 

14.7 

II 

II 

34.4 

300 

14.7 

II 

11 

33.2 

300 

14.5 

ir 

If 

34.4 

300 

7.0 

It 

II 

33.7 

300 

2.0 

n 

M 

33.7 

300 

2.6 

M 

tl 











TABLK A13 


Ignition Delay Data for JP-4 Fuel in Air 


♦ = 0.5 
l’fuel= 300 K 
Conical Injector 


:\ t m 

L 

au 

‘air 

T ' 
in 1 X 

K 

Airflow 
Hate 
kg/ sec 

Fuel Flow 
Rate 
kg/sec 

V * 
air 

m/sec 

Ignition 

Delay 

secxlO^ 

10. 1 

lli>.^) 

/9 3 

751 

0.5 

,0172 

75.6 

15.5 

10.*) 

1 1 5 . b 

775 

734 

0.5 

.0177 

71.7 

Ib.l 

10.2 

69.9 

824 

779 

0.5 

.0170 

78.2 

8.9 

10. 1 

69.9 

79 7 

754 

0.5 

.0169 

75.9 

9.2 

10,0 

69.9 

808 

765 

0.5 

.0171 

77.7 

9.0 

13.5 

116.9 

/24 

687 

0.5 

.0180 

45.1 

25.9 

13.2 

116.9 

734 

696 

0.5 

.0178 

46.8 

25.0 

13.3 

115.6 

729 

092 

0.5 

.0176 

47.1 

24.2 

15.2 

69.9 

731 

694 

0.5 

.0172 

46 ,4 

15.1 

15.2 

69.9 

728 

691 

0.5 

.0171 

46.2 

15.1 

15.1 

68.6 

781 

740 

0.5 

.0169 

30.9 

13.5 

15.3 

24.2 

744 

705 

0.5 

.0176 

47.0 

5.1 

15.0 

24.2 

767 

727 

0.5 

.0177 

49.3 

4.9 

14.9 

22.9 

786 

744 

0.5 

.0173 

51.5 

4.4 

14.9 

8.9 

837 

792 

0.5 

.0168 

54.3 

1.6 

15.3 

7.6 

767 

726 

0.5 

.0168 

48.6 

1.6 

15.4 

7.6 

806 

763 

0.5 

.0181 

51.3 

1.5 

20.8 

116.9 

711 

675 

0.5 

.0168 

33.1 

35.3 

20.3 

115.6 

725 

688 

0.5 

.0174 

35.3 

32.3 

20.3 

69.9 

703 

667 

0.5 

.0171 

33.4 

20.9 

20.0 

68.6 

747 

702 

0.3 

.0168 

36.7 

18.7 

20.3 

24.2 

729 

692 

0.5 

.0168 

34.9 

6.9 

20.0 

22.9 

736 

698 

0.5 

.0186 

35.8 

6.4 

20.3 

7.6 

731 

694 

0.5 

.0152 

35.0 

2.2 

19.8 

7.6 

731 

694 

0.5 

.0163 

35.7 

2.1 

19.6 

7.6 

731 

694 

0.5 

.0177 

36.3 

2.1 

20.1 

7.6 

761 

721 

0.5 

.0168 

37.0 

2.1 

24.8 

115.6 

706 

670 

0.5 

.0173 

27.7 

41 .8 

25.4 

69.9 

711 

675 

0.3 

.0177 

27.1 

25.8 

25.5 

68.6 

722 

685 

0.5 

.0171 

27.6 

24.9 

25.8 

7,6 

706 

670 

0.5 

,0171 

26,5 

2.9 

25.2 

7.6 

711 

675 

0.5 

.0170 

27.4 

2.8 

30.0 

68 . 6 

708 

672 

0.5 

.0160 

22.9 

29.9 

29.9 

7.6 

702 

666 

0.5 

.0181 

22.8 

3.3 


Comments 


A-14 


TABLE A14 


Ignition Delay Data for JV-4 Fuel in Air 



♦ « 0,7 

Tfu.l “ ^ 

Conical Injector 


"air 


Airflow Fuel Flow 
Rate Rate 


atm 

cm 

k 

K 

10.3 

116.9 

782 

726 

10.3 

69.9 

781 

725 

10.1 

69.9 

792 

735 

10.2 

69.9 

792 

735 

10.4 

24.2 

888 

823 

14.9 

116.9 

733 

682 

15.0 

115.6 

731 

680 

14.7 

68.6 

758 

705 

15.1 

68.6 

769 

715 

14.6 

68.6 

767 

713 

15.3 

22.9 

772 

717 

15.2 

8.9 

778 

723 

15.2 

8.9 

764 

710 

15.3 

7.6 

814 

756 

15.3 

7.6 

822 

763 

20.0 

116.9 

706 

658 

20.0 

115.6 

719 

670 

19.7 

68.6 

733 

682 

20.4 

68.6 

744 

692 

20.3 

22.9 

739 

688 

19.9 

7.6 

733 

682 

20.6 

7.6 

767 

713 

20.3 

7.6 

764 

711 

25.9 

115.6 

700 

652 

25.4 

68.6 

717 

668 

25.2 

7.6 

717 

668 

25.1 

7.6 

728 

678 

29.4 

7.6 

713 

664 


kft/sec kg/ sec 


0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 


.0246 

.0243 

.0241 

.0240 

.0241 

.0242 

.0247 

.0242 

.0247 

.0252 

.0254 

.0233 

.0235 

.0254 

.0247 


Vair 
m/ sec 


73.4 
73.3 
75.78 
70. y 

83.0 

47.7 

48.1 

50.2 
50.0 

50.5 
49. b 

49.5 

48.7 

52.3 
52.9 


A- 15 


Ignition 

Delay Comments 
secxlO^ 


15.9 

9.5 
9.2 
9.9 

>2.9 

24.5 
23.8 
13.7 
13.7 

13.6 

4.6 
1.8 
1.8 
1.5 
1.4 


.0246 

34.2 

34.2 

.0239 

35.5 

32.2 

.0246 

36.1 

19.0 

.0247 

35.8 

19.2 

.0247 

35.5 

6.4 

.0247 

35.7 

2.1 

.0251 

36 .4 

2.1 

.0248 

36.9 

2.1 

.0250 

26.3 

43.9 

.0244 

27.4 

25.0 

.0238 

27.6 

2.8 

.0238 

28.7 

2.7 

.0235 

23.6 

3.2 


No Autoignition 


TABLE A15 


Ignition Dnlay Data for JP-4 Fuel in Air 


♦ « 

■‘■fuel “ 
Conical 


l.O 
300 K 
Injector 


atm 

L 

cm 

'lair 

K 

T ' 
*mix 

K 

Airflow 
Rate 
kg/ sec 

Fuel Flow 
Rate 
kg/ sec 

V • 
air 

m/ sec 

Ignition 

Delay 

SGCXIO^ 

Comments 

y.y 

11b. 9 

783 

707 

0.5 

.0348 

76.3 

15.3 


10.2 

b9.9 

808 

729 

0.5 

.0343 

76.6 

9.1 


10. 1 

8.9 

97l' 

878 

0.5 

.0328 

93.8 

> 0.95 

No Autoignition 

15.3 

115.6 

747 

67 5 

0.5 

.0327 

48.4 

23.6 


15.1 

115.6 

739 

668 

0.5 

.0326 

48.2 

23.7 


15.2 

b8 . 6 

758 

685 

0.5 

.0340 

48.5 

14.1 


15.3 

68.6 

783 

707 

0.5 

.0331 

50.4 

13.6 


14.9 

68 . 6 

775 

700 

0.5 

.0338 

51.0 

13.4 


15.0 

22.9 

778 

703 

0.5 

.0321 

51.3 

4.6 


15.1 

8.9 

794 

716 

0.5 

.0325 

50.9 

1>7 


15.5 

7.6 

794 

716 

0.5 

.0341 

49.9 

1.3 


15.1 

7.6 

822 

741 

0.5 

.0326 

53.6 

1.4 


20.3 

115.6 

711 

644 

0.5 

.0331 

34.6 

33.1 


O 

CM 

68.6 

736 

666 

0.5 

.0336 

34.7 

19.8 


20.4 

68.6 

750 

678 

0.5 

.0328 

36.0 

19.0 


20.7 

7.6 

761 

688 

0.5 

.0349 

35.6 

2.1 


24.8 

7.6 

747 

675 

0.5 

.0358 

29.3 

2.6 
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■ A-> ■ 


TABLE A16 



Ignition Delay for Cetane 

Fuel in Air 



« - 0.3 




Tfuel • 305 K 
Conical Injector 



Airflow 

Fuel Flow 

Ignition 

p 

^ ^air ^mix R^te 

Rate 

Delay Comments 

atm 

cm K K kg/sec 

kg/sec m/sec 

secxlO^ 


10.7 

115.6 

731 

703 

0.5 

.0104 

67.6 

16.9 


10.2 

68.6 

758 

727 

0.5 

.0098 

73,5 

9.3 


10.3 

22.9 

978 

930 

0.5 

.0122 

94.0 

> 2.4 

No Autoignition 

10.1 

7.6 

978 

930 

0.5 

.0123 

95.1 

> 0.8 

No Autoignition 

15.4 

115.6 

675 

651 

0.5 

.0100 

43.4 

26.3 


15.6 

68.6 

711 

685 

0.5 

.0098 

45.0 

15.2 


15.2 

22.9 

719 

693 

0.5 

.0107 

46 . 6 

4.8 


15.1 

7.6 

784 

752 

0.5 

.0090 

51.0 

1.5 


20.3 

115.6 

663 

'40 

0.5 

.0093 

32.0 

35.4 


20.3 

68.6 

686 

bc=I 

0.5 

.0099 

33.2 

20.7 


20.7 

22.9 

708 

682 

0.5 

.0091 

34.1 

6.7 


20.2 

7.6 

714 

687 

0.5 

.0093 

34.7 

2.2 


25.8 

115.6 

657 

635 

0.5 

.0098 

25.1 

45.5 


25.8 

68.6 

671 

647 

0.5 

.0105 

25.5 

26.9 


25.8 

22.9 

689 

664 

0.5 

.0093 

26.0 

8.8 


25.2 

7.6 

700 

674 

0.5 

.0098 

27.1 

2.8 


30.5 

115.6 

643 

619 

0.5 

.0093 

20.8 

55.1 


30.1 

69.6 

666 

642 

0.5 

.0095 

21.7 

31,6 


30.0 

22.9 

669 

645 

0.5 

.0094 

21.9 

10.4 


30.1 

7.6 

681 

656 

0.5 

.0093 

21.9 

3.5 
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TABLE A17 






Ignition Delay for Cetane 

Fuel in Air 







= 0.5 







^fuel 

Conical 

« 305 K 
Injector 






Airflow 

Fuel Flow 


Ignition 

p 

a t m 

U T 

cm 

air 

K 

T • 
mix 

K 

Rate 

kg/sec 

Rate 

kg/sec 

V ‘ 
air 

m/ sec 

Delay 

secxlO^ 

10. 1 

115.6 

689 

652 

0.5 

.0170 

67.3 

17.0 

10.2 

68.6 

719 

679 

0.5 

.0171 

69.7 

9.8 

10.2 

22.9 

739 

697 

0.5 

.0171 

71.5 

3.2 

10.0 

7.6 

772 

726 

0.5 

.0171 

75.8 

1.0 

15.2 

115.6 

671 

635 

0.5 

.0169 

43.5 

26.3 

15.1 

68.6 

692 

655 

0.5 

.0171 

45.1 

15.2 

15.1 

22.9 

708 

669 

0.5 

.0171 

46.3 

4.9 

15. 0 

7.6 

715 

675 

0.5 

.0171 

46,8 

1,6 

20.0 

115.6 

658 

624 

0.5 

.0165 

32.5 

35.2 

20.0 

68.6 

677 

641 

0.5 

.0168 

32.9 

20.8 

20.3 

22.9 

689 

652 

0.5 

.0174 

33,9 

6.7 

20.1 

7.6 

702 

664 

0.5 

.0175 

34.4 

2.2 

.i5.6 

115.6 

647 

613 

0.5 

.0173 

25.0 

45.6 

24.6 

68.6 

666 

631 

0.5 

.0174 

25.7 

26.6 

25.5 

22.9 

683 

646 

0.5 

.0171 

26.1 

8.8 

25.7 

7.6 

689 

652 

0.5 

.0172 

26.2 

2.9 

29.8 

115.6 

641 

608 

0.5 

.0168 

21.3 

53.7 

29.8 

68.6 

661 

626 

0.5 

.0172 

21.8 

31.4 

30.0 

68.6 

657 

622 

0.5 

.0174 

21.5 

32.0 

30.0 

22.9 

674 

638 

0.5 

.0177 

22.0 

10.4 

29.6 

7,6 

683 

646 

0.5 

.0170 

22.4 

3.4 


Comments 
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TABLE A18 


Ignition Delay for Cetane 

Fuel in Air 



a 

o 




Tfuel “ 305 K 
Conical Injector 



Airflow 

Fuel Flow- 

Ignition 


Rate 

V ir 

Delay 

Comments 

kg/ sec 

kg/ sec m/sec 

secxlO^ 



10.2 

115.6 

691 

641 

0.5 

.0240 

66.9 

17.1 

10.3 

68.6 

719 

666 

0.5 

.0240 

63 . 6 

10.0 

10.4 

22.9 

744 

688 

0.5 

.0238 

70.7 

3.2 

10.2 

7.6 

761 

702 

0.5 

.0240 

73.5 

1.0 

15.1 

115.6 

672 

624 

0.5 

.0239 

44.0 

26.0 

15.0 

68.6 

686 

636 

0.5 

.0234 

45.0 

15.2 

15.2 

22.9 

708 

656 

0.5 

.0236 

45.9 

5.0 

15.4 

7.6 

722 

668 

0.5 

.0239 

46.3 

1.6 

20.3 

115.6 

656 

609 

0.5 

.0236 

32.0 

35.7 

20.0 

68.6 

678 

629 

0.5 

.0238 

33.2 

20.6 

20.3 

22.9 

697 

646 

0.5 

.0236 

34.1 

6.7 

20.3 

7.6 

708 

656 

0.5 

.0239 

34.4 

2.2 

25.4 

115.6 

630 

604 

0.5 

.0237 

25.3 

45.2 

25.4 

68.6 

6o; 

620 

0.5 

.0245 

25.7 

26.6 

25.8 

22.9 

686 

636 

0.5 

.0240 

25.8 

8.9 

25.6 

7.6 

697 

646 

0.5 

.0244 

26.6 

2.9 

30.7 

115.6 

644 

599 

0.5 

.0235 

20.7 

55.2 

29.9 

68.6 

663 

616 

0.5 

.0236 

21.8 

31.5 

29.9 

22.9 

678 

629 

0.5 

.0236 

22.2 

10.3 

29.9 

7.6 

689 

649 

0.5 

.0244 

22.4 

3.4 


1 
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TABLE A19 


Ignition Delay for Cetane Fuel in Air 


p 

atm 

L T 

cm 

air 
J( 

T ■ 
mix 

K 

Airflow 
Rate 
kg/ sec 

^fuel 

Conical 

Fuel Flow 
Rate 
kg/ sec 

- 1.0 
« 305 K 
Injector 

V • 
air 

m/ sec 

Ignition 

Delay 

3 

secxlO 

Comments 

10.1 

115.6 

697 

627 

0.5 

.0343 

68.0 

16.8 


10.3 

68.6 

724 

650 

0.5 

.0348 

69.8 

9.8 


10.2 

22.9 

747 

669 

0.5 

.0344 

72.2 

3.2 


10.3 

7.6 

772 

690 

0.5 

.0347 

74.2 

1.0 


15.1 

115.6 

678 

611 

0.5 

.0334 

44.2 

25.8 


14.9 

68.6 

700 

630 

0.5 

.0343 

46.2 

14.8 


J5.4 

22.9 

716 

643 

0.5 

.0334 

45.7 

5.0 


15.1 

7.6 

725 

651 

0.5 

.0338 

47.3 

1.6 


19.7 

115.6 

662 

597 

0.5 

.0316 

33.2 

34.5 


19.8 

68.6 

686 

617 

0.5 

.0326 

33.9 

20.2 


19.5 

22.9 

706 

634 

0.5 

.0325 

35.9 

6.4 


19.8 

7.6 

711 

639 

0.5 

.0346 

35.1 

2.2 
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TABLE A20 


Ignition Delay lor JP-4 Fuel in Air 
♦ “ 0.3 

Tfucl “ 

Conical Injector 


p 

atm 

L T 

cm 

air 

K 

T ' 
mix 

K 

Airflow 

Kate 

kg/sec 

Fuel Flow 
Rate 
kg/ sec 

V • 
air 

m/sec 

Ignition 
De lay 
secxlO^ 

Comments* 

15.1 

115.6 

783 

756 

0,5 

.0100 

51.3 

22.3 

6 elements 

15.2 

22.9 

856 

826 

0.5 

.0128 

54.8 

4.2 

6 elements 

14.9 

22.9 

978 

943 

0.5 

.0113 

64.6 

>3.5 

All elements, No 
Autoignition 

15.5 

7.6 

978 

943 

0.5 

.0117 

62.0 

>1.2 

6 elements, No 
Autoignition 


20.5 

115.6 

736 

712 

0.5 

.0096 

35.4 

32.3 

6 elements 

19.6 

115 .6 

740 

716 

0.5 

.0113 

37.1 

30.8 

All elements 

20.3 

68.6 

800 

773 

0.5 

.0101 

38.9 

17.6 

All elements 

19.4 

68.6 

759 

734 

0.5 

.0124 

38.5 

17.8 

6 elements 

20.2 

7.6 

814 

787 

0.5 

.0113 

39.5 

1.9 

6 elements 

20.9 

7.6 

972 

938 

0.5 

.0121 

45.5 

1.7 

All elements 


Center and outer injector elements capped * 6 elements 
All injector elements open “ All elements 
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1 

1 l^>.0 

/«1 

/40 

0. 

.017‘> 

:i 


724 

b42 

0.*) 

.017b 

l 

b8.0 

814 

771 


.0174 

l 

nS . 0 

781 

740 

o/> 

.0lb4 

A 

luS.O 

414 

8()8 

O.'-) 

.0173 


22 A) 

78b 

744 

0.5 

.01/3 

4 

22 

80b 

7b3 

0.5 

.0181 

1 

22.^ 

478 

424 

0.5 

.0178 


3 

llS.b 

725 

688 

0.5 

.0174 

b 

115. b 

722 

685 

0.5 

.0181 

0 

68. b 

7b? 

72b 

0.5 

.0170 

0 

68. b 

747 

702 

0.5 

.0168 

3 

22.4 

772 

732 

0.5 

.0173 

0 

22.4 

73b 

698 

0.5 

.0186 

1 

7.6 

7bl 

721 

0.5 

.0168 

7 

7.6 

842 

746 

0.5 

.0175 


50.4 

22.5 

AIL element s 

47.1 

24.2 

6 elements 

53.0 

12.9 

A1 1 element s 

50.4 

13.5 

6 e lements 

58.6 

3.9 

All i' lenient s 

51.5 

4.4 

6 elements 

51.3 

1.5 

6 elements 

63.3 

>1.2 

All eliMiients, No 
Antoi^nit ion 

35.3 

32 . 3 

6 elements 

36.2 

31 .6 

All elements 

37.7 

18.2 

All element s 

36.7 

18.7 

6 elements 

37.3 

6.1 

All elements 

35.8 

6.4 

6 elements 

37.0 

2.1 

6 elements 

39.8 

1.9 

All elements 


Center and outer injector elements capped = 6 elements 
All injector elements open -All elements 






TAHI.K 


4 Kuo I iu Air 


K 

H or 


Ignition 
Do lay 
secxlO^ 


Commonta 


* 


23. a 

6 elements 

22.6 

All elements 

13.7 

6 olemonts 

12.9 

All 0 1 oment h 

13.6 

6 elements 

4.3 

Al 1 element s 

4.2 

Al 1 element s 

4.6 

() e lement s 

1 .S 

6 elements 

1 .3 

All c\ emeiU s 

^1.2 

All elements, No 
Autoignit ion 

32.2 

6 elements 

31.1 

Al 1 element s 

31 .8 

All elements 

19.2 

6 elements 

18.6 

All elements 

6.2 

All elements 

6.4 

6 elements 

2.1 

6 elements 

2.1 

6 elements 

2.0 

Al 1 elements 




0 U'lTuMlt s 


TABM«; ^2'^ 


[>'iiiLlon Do lay lot JP-4 Fiiol iu Air 


- 1.0 

••’tuol “ 300 K 
Coluoal Injoctor 


Airllow Kuol Flow Ignitioa 


F 

1- 

^ a i I- 

i X 

Kate 

Ra to 

''.ir 

Delay 
1 0^ 

Comment s 

at m 

cm 

K 

K 

k)j;/sec 

kg/ sec 

m/ 


1‘). J 

1 1 !) . t) 

747 

6/5 

0.5 

.0327 

48.4 

23.6 

6 elements 

1‘). 1 

\\^,b 

739 

668 

0.5 

.0326 

oc 

23.7 

6 elements 

r> . 0 

H‘1.0 

772 

697 

0.5 

.0331 

50.6 

22.6 

All elements 

1 . i 

68. b 

794 

716 

0.5 

.0335 

52.0 

13.2 

All i»lements 

i . i 

68 , 6 

783 

70 7 

0.5 

.0331 

50.4 

13.6 

6 elements 

14.9 

68 . 6 

774 

700 

0.5 

.0338 

51.0 

13.4 

6 elements 

14.7 

22.9 

828 

746 

0.5 

.0331 

55.2 

4.1 

All elements 

IS.O 

22 .9 

778 

703 

0.5 

.0321 

51.3 

4.6 

6 elements 

l’i.2 

7.6 

892 

801 

0.5 

.0323 

57.3 

1.3 

All elements 

IS. l 

7.6 

822 

741 

0.5 

.0326 

53.6 

1.4 

6 elements 

20 . 3 

llS.b 

711 

644 

0.5 

.0331 

34.6 

33. 1 

6 elements 

19.9 

11!). b 

744 

673 

0.5 

.0326 

36.8 

31 .0 

All elements 

20.3 

m b 

742 

671 

0.5 

.0333 

36.0 

31.7 

All elements 

20.0 

68.6 

7b7 

693 

0.5 

.0341 

38.0 

18.1 

All elements 

20.0 

68 . 6 

7b7 

693 

0.5 

.0328 

37.7 

18.2 

All elements 

20.4 

68 . 6 

750 

678 

0.5 

.0328 

36.0 

19.0 

6 elements 

19.9 

22.9 

742 

671 

0.5 

.0336 

36.5 

6.3 

All elements 


Center and outer injector elements capped = b elements 
All injector elements open = All elements 
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